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C H A P T E R I 
I N T R O D U C T I O N 
Summary 
In order to improve our understanding of the pheno-
mena related to the water vapor loss of skin, several fac-
tors are considered which have already been established as 
being of importance in the behavior of synthetic and biologic 
membranes. According to the laws of diffusion and permea-
tion the transport of material is governed by a driving force, 
the concentration or pressure gradient through the membrane, 
and a characteristic of the membrane, the permeation coeffi-
cient. The temperature, the absorption of water (swelling), 
and the structural characteristics of the membrane influence 
the permeation. 
1.1 G E N E R A L R E M A R K S 
"Die Hydrodiffusion durch Membranen dürfte billig 
"nicht bloss als einer der Elementarfactoren des organischen 
"Lebens sondern auch als eine an sich höchst interessanter phy-
"sikalischer Vorgang weit mehr Aufmerksamkeit der Physiker in 
"Anspruch nehmen als ihr bisher zu Theil geworden i s t . " 
This is the first sentence of Adolf FICK's article: "Ueber Diffu-
"sion" in Poggendorff ' s Annalen der Physik und Chemie, 94: 
59-86 (1855). PICK knew very well that a lot of work had a l rea-
dy been done; he himself refers to the "Porentheorie" developed 
by BRÜCKE, theories of POISSON and of BECQUEREL, experi-
mental work of JOLLY, of LUDWIG, and of CLOE TT A. At that 
time, he certainly was not the only one working in this field. Yet, 
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according to FICK: "Vielleicht ist der Grund dieser spärlichen 
"Bearbeitung zum Theil in der grossen Schwierigkeit zu suchen, 
" auf diesem Felde genaue quantitative Versuche anzustellen." 
Nowadays there is "sufficient indication that water 
"structure is very probably involved in biological processes 
"and that it is worthwhile to concentrate experimental efforts on 
"the study of these effects" (BERENDSEN, 1966). Conferences 
were held in New York, 1964, on "Forms of water in biologic 
"systems", and, 1964, on "CryobiologyM>andatStowe-Vermont, 
1965, a . o . "Water" and "Membrane transport" in collagenous 
t issue. A century has elapsed since FICK's statementwas made. 
Many aspects of hydrodiffusion through membranes are not yet 
understood, but its importance is widely recognized. In the 
meantime the methods of measurement have been improved very 
much as may be evident from the 1963 International Symposium 
on Humidity and Moisture at Washington (A. WEXLER: Humidity 
and Moisture. Measurement and Control in Science and Indus-
try. Vol. I-IV. Reinhold Pubi. C o . , New York, 1965). 
Many methods have been described by which the wa-
ter vapor loss of skin can be determined. A review has been gi-
ven by HEERD (1959), who classified most methods in his thesis. 
Moreover, he added his own new method. During the following 
years , further, new methods were described in scientific jour-
nals. The dermatological clinic and the department of medical 
physics of Nijmegen University contributed to this series with 
an electrolytic water analyzer method (van GASSELT & VIER-
HOUT, 1963). In 1966, SPRUIT & MALTEN describedanimpro-
vement of this method. The electrolytic water analyzer method 
turned out to be very sensitive, though a considerable time is 
required for a measurement to be completed, and it necessita-
tes passing a real dry atmosphere over the skin. Two years 
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afterwards another method has been proposed by SPRUIT, in 
1967. This method - to be described in Chapter II of this the­
sis - allows ambient humid air to pass over the skin and an im­
mediate recording of the skin' s water vapor loss to be made. 
Both methods have been applied in measurements described in 
this thesis (see Chapter III). 
The hydrodiffusion through skin is well known as 
the water vapor loss of skin or its so-called "insensible perspi-
" ration " . It is a vital element in life, as the skin protects the 
body from desiccation. Extreme, dramatic consequences of a 
failure of the protective function in old age have been described 
by LEERING (1966; 1968). Apart from such extreme consequen­
ces, the insensible perspiration of normal and pathologic skin 
is an important physical characteristic of skin; the value of the 
insensible perspiration will inform the investigator about the 
quality of the skin in respect of its protective functioning. The 
estimation of the insensible perspiration quantitates a function 
of the skin and hence can be a real contribution to the dermato­
logist ' s visual observation of pathological skin, adding a quan­
titative datum to his qualitative impressions. It provides supple­
mentary information about the regeneration of injured skin (Sec­
tion IV. З), and it allows the regeneration of skin to be followed 
even when its appearance has already become "normal" (Chap­
ter IV, formation of the so-called "final b a r r i e r " ) . 
1.2 P E R M E A T I O N O F W A T E R T H R O U G H 
A_ S Y N T H E T I C M E M B R A N E 
According to MOLL (1964) and many others, BAR­
R E R ' s theoretical considerations of permeation through poly­
mer membranes (1958) have proved to be the best ones so far 
available. In a simplified way, BARRER's theory is followed in 
the next pages. 
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Mater ia l ( e . g . water) will only p a s s an i n t e r f a c e , 
when a concentra t ion difference - (C. - C_) - e x i s t s between 
the two s ides of the i n t e r f a c e . Thi s concentra t ion difference i s 
the dr iv ing force of the t r a n s p o r t through the i n t e r f a c e . The 
amount of m a t e r i a l (M), t r a n s p o r t e d through an in ter face p e r u-
nit of a r e a ( A ) and p e r unit of time ( t ) , i s d i r e c t l y p r o p o r t i o n a l 
to this dr iv ing force and follows the r e l a t i o n : 
M / A t = D (C, - C 2 ) (1) 
The propor t iona l i ty factor (D) i s cal led the diffusion coefficient 
o r diffusion c o n s t a n t . 
The amount of mater ia l t r a n s p o r t e d p e r unit of a r e a 
-2 -1 
and p e r unit of time may be r e p r e s e n t e d a s g cm sec , though 
the w a t e r vapor l o s s through the skin i s , in p r a c t i c e , usual ly 
-2 -1 
m e a s u r e d in mg cm h ; the l a t t e r unit will be used in this 
t h e s i s . According to formula (1) the diffusion coefficient (D) has 
the dimension of cm sec , a s the concentra t ion i s m e a s u r e d in 
g cm . In evaporat ion s tudies of w a t e r through monomolecular 
l a y e r s the same formula i s used though instead of the diffusion 
coefficient the r e c i p r o c a l dimension i s p r e f e r r e d ; 
r = 1 / D (2) 
r being the r e s i s t a n c e of the l a y e r against t r a n s p o r t , and is 
evaluated in sec cm . In this c a s e formula (1) is r e a d : 
r -
 ( C
' - ^ (3) 
M / A t 
When m a t e r i a l has to p a s s s e v e r a l l a y e r s having different r e ­
s i s t a n c e s against t r a n s p o r t of the m a t e r i a l , formula (З) is u s e ­
ful. 
The diffusion coefficient i s not only d e s c r i b e d a s in formu-
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la ( i ) ; it can be used as a specific material constant by calcu­
lating the diffusion coefficient per unit of thickness of the mate­
rial through which the transport occurs. This specific material 
diffusion coefficient (D ) i s , therefore, read in cm s e c - and 
formula (l ) is transferred into: 
M / A t = D
s
 (CJ - C2) I d (4) 
D is encountered in studies concerning the diffusion of materi­
al through synthetic membranes of known thickness. In these 
studies another factor is important too. The way in which the 
transported material is distributed between the membrane ma­
terial and the outside milieu depends on the partition coefficient 
of the transported material between these phases.The effective 
concentration, relevant to the "driving force" of formula (4), 
, ι ι. 
the concentration difference (C. - C«), is dependent on the 
solubility coefficient according to: 
S = С* / С (5) 
ι 
С being the concentration of the material in the membrane when 
the concentration in equilibrium at the outside of the membrane 
is C, which concentration is easily determined in permeability 
experiments. 
Accordingly formula (4) can also be read as : 
M / A t = D
s
 S (C1 - C2) / d (6) 
which is more easy to handle experimentally. The product of 
both constants D and S is known as the permeation coefficient 
or permeation constant (P): 
Ρ = D
s
 S (7) 
3 -3 
and as S reads in cm cm , the dimension of Ρ and D are the 
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2 —1 
s a m e , cm sec . Consequently formula (6) can be r e a d : 
M / A t = Ρ (C 1 - C 2 ) / d (8) 
the permeat ion coefficient being a specific m a t e r i a l c o n s t a n t . 
In many exper iments using synthetic and biologic membra­
nes the permeat ion of g a s e s o r vapors i s invest igated and the 
concentra t ion of the gas i s not est imated a s such but a s a vapor 
p r e s s u r e (ρ), which is r e l a t e d to i ts concentra t ion at the sur face 
of the membrane a c c o r d i n g to H E N R Y ' s law: 
Sg = c ' / p (9) 
Consequently the S i s r e a d in g cm (cm Hg) . S imi lar ly to 
the above formulae (6), (7), and (8), the following formula can 
be applied in exper iments deal ing with the t r a n s p o r t of gas o r 
v a p o r through a membrane: 
M / A t = P g (p 1 - p 2 ) / d (10) 
in which formula the dimensions of Ρ deviate from the dimen-
g 
s ions of the Ρ of formula (8).Whether Ρ o r Ρ i s used, is a p p a -
é> —2 —1 —1 
ren t from the unit appl ied; e i the r g cm cm sec (cm Hg) 
(JOUWERSMA, 1959) o r cm2 s e c - 1 (MOLL, 1964) is appl ied . 
As a simplification the index "g" will be omitted in the follo-
wing text , whether Ρ o r Ρ i s meant . 
The above mentioned c o n s i d e r a t i o n s a r e simplified o n e s . 
In r e a l i t y H E N R Y ' s law is only valid when the solution is very 
d i l u t e . In the c a s e of w a t e r , S i s i n c r e a s e d at high c o n c e n t r a ­
tions of w a t e r when c l u s t e r s of w a t e r molecules a r e formed 
(MOLL, 1964). Accordingly, when w a t e r i s the m a t e r i a l to be 
t r a n s p o r t e d through a membrane, the use of these laws a p p e a r s 
to be justi f ied in the c a s e of a hydrophobic membrane, a s has 
been proven exper imental ly (MYERS et a l . , 1961 ; MOLL, 1964). 
It may not be justif ied in the c a s e of a hvdrophylic membrane, 
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as biological membranes a r e . In measurements at synthetic ke­
ratin membranes, CASSIE (1945, 1946) found deviations of the 
"constant" permeation coefficient only when the water content 
of the keratin membrane was increased above 16 ^ . The water 
content of the stratum corneum (horny layer) of normal healthy 
skin has been estimated as 2 - 10 # (SZAKALL, 1957; MIDDLE-
TON, 1968). It might, therefore, be supposed that HENRY's 
law will be valid in normal circumstances and that the permea­
tion coefficient of the stratum corneum will, in fact, be con­
stant. However, this supposition has proved not to be justified 
(SPRUIT & MALTEN, 1969 b; this dissertation, chapter IV). 
The permeation coefficient and the diffusion coefficient 
are temperature dependent and so is the solubility. According­
ly it follows from formulae (7) and (9): 
P(T) = D(T) C(T) / p(T) (11) 
Τ representing the absolute temperature . The dependency of 
the diffusion constant on temperature, DÎT), is represented by 
the formula: 
- E n / R T 
D(T) = Do e D (12) 
(see BROWN & TUWINER, 1962, pp. 226-229), Do represen-
ting a temperature-independent constant, Εγ, the activation 
energy for the diffusion, and R the gas constant. It is further 
assumed that HENRY's law still holds when the water vapor 
has reached its maximum, saturation value. Consequently: 





According to the equation of CLAPEYRON: 
" - W - Po « - W / R T (14) 
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W representing the heat of evaporation, and the similar equa­
tion, derived from elementary thermodynamics: 
C
m ( T ) = C o e ' L / R T ( 1 5) 
L representing the heat of solution, the dependency of С and ρ 
on temperature is described by: 




 e(- L + W ) / R T (16) 
As a consequence from formulae (11), (12), and (16): 
D С (-E-, - L + W) / RT 
P(T) = - 2 — £ e D (17) 
Po 
As also may be written: 
-E / R T 
P(T) = Po e r (18) 
Ep representing the activation energy for the permeation, it 
follows that: 
E p = ( E D - W + L ) (19) 
In the permeation of water through a keratin membrane L has 
been estimated 3.5 Kcal/mole (CASSIE, 1946) and W of water 
is 10.5 Kcal/mole, so that: 
E p = (ED - 7) Kcal/mole (20) 
The energy for activation of permeation of water through kera-
tin (and probably also through the stratum corneum of human 
skin) is about 7 Kcal/mole less than the energy for activation 
of diffusion of water through keratin. For the sake of compari-
son it can be mentioned that the difference between the activa-
tion energies for permeation and diffusion of water vapor 
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through poly-ethylene has been estimated 5.5 Kcal/mole 
(KLUTE & FRANKLIN, 1958). 
The permeation of water through human skin is governed 
by the so-called ba r r i e r , located in the outermost anatomical 
layer, the stratum corneum or horny layer, about 0.03 mm 
thick (BLANK, 1952 and 1956). The dependency of the permea-
tion of water through human skin on temperature is determined 
in vitro by the "energy for activation of the permeation" of wa-
ter through the stratum corneum. This latter value has been 
measured as about 15 Kcal/mole for the permeation of water 
through keratin (CASSIE, 1945, 1946), through hair (HOLMES , 
1964), and through human stratum corneum (SCHEUPLEIN, 
1966; SPRUIT, 1966). The dependency of the permeation of 
water through human skin on temperature in vivo, however, 
may be a more complicated figure than the in vitro permeation 
is (SPRUIT, 1966; SPRUIT & HERWEYER, 1967; THIELE & 
van SENDEN, 1966). It has been supposed that hydration phe-
nomena are involved. 
It is obvious that structural characterist ics influence the 
permeability of the membrane. As an example the permeabili-
ties of high-density and low-density poly-ethylene differ very 
much. These polyethylenes are only distinguished by their con-
tents of impermeable crystalline phase (with low density) and 
permeable amorphous phase, resulting from different p ressur -
es exerted during the preparation of the polyethylene. An eas i -
ly permeable high-density polyethylene with E -^, = 8.4 Kcal/mole 
—8 —2 —1 —1 
and P = 4 . 4 x 1 0 g cm cm sec (cm Hg) and a less per -
meable low-density polyethylene with E— =14 .5 Kcal/mole and 
—8 —2 —1 —1 
P = 2 . 0 x 1 0 g cm cm sec (cm Hg)~ illustrate the re la t i -
ve deviations caused bydifferent contents of "crystallinity" 
(KLUTE & FRANKLIN, 1958). The activation energy of this 
less permeable low-density polyethylene is about the same as 
the activation energy of the keratin membrane and the stratum 
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corneum (15 Kcal/mole). On the contrary, the low activation 
energy for permeation of water through the other polyethylene 
(8.4 Kcal/mole) shows that the diffusion of water through this 
membrane can proqeed almost as easily as through water itself 
(activation energy for the self-diffusion of water: 5 Kcal/mole 
(BROWN & TUWINER, 1962, p. 46)). 
The water permeability of hydrophobic membranes (e .g . 
polyethylene) is influenced slightly by the weak interaction be­
tween water and the membrane material (MYERS et al . , 1961). 
The influence is more considerable in hydrophilic membrane 
materials . A decrease of the water content of a collagen mem­
brane from 50 to 5 "fo was found to be associated with an increa­
se of the activation energy for the permeation of water from 11 
to 14 Kcal/mole (KANAGY, 1950). When the water content of 
swollen keratin membranes with 1 6 $ water (equilibrated with 
80 Іо RH (relative humidity of the surrounding atmosphere)) was 
decreased to 8 $ water (equilibrated with 30 $ RH), the activa­
tion energy was also increased by 3 Kcal/mole (KING, 1945). 
The following formula has been proposed, as it can be derived 
from theoretical considerations of multimolecular adsorption 
and corresponds with experimental results of adsorption of wa­
ter at keratin (CASSIE, 1945, 1946; KING, 1945; HILL, 1946): 
Ρ = F e " E / R T (В - 0.95 Χ)" 2 d(A - X)/dA (21) 
—E/RT 
In this formula F = a constant; e ' = the factors governing 
the dependency of the permeability on the temperature (see for­
mula (1 8)) ; A = the water content of the keratin in mole/l 00 g 
keratin; В = the number of moles water per 100 g keratin which 
may maximally be occupied by adsorbed water at localized sites 
of the keratin boundary; X = the number of moles water per 100 
g keratin which are occupied by adsorbed water at localized s i­
tes at the keratin (first layer of adsorbed water). As a result 
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(A - Χ) is the number of moles of water per 100 g keratin which 
have been adsorbed on top of the X moles of water in the first 
layer of adsorbed water (thus fonning second and higher layers) 
and are relatively mobile. The (B - Χ) represent the number of 
moles of unoccupied sites at the keratin boundary. It is assumed 
that the diffusing water molecules are not only deactivated by 
encounters with the (B - Χ) vacant sites but also by jumps be­
tween the X occupied s i tes; because of this effect the factor 
0.95 was introduced in the permeability of water through horn 
keratin. 
When the water concentration around a hydrophilic membra­
ne is increased, the membrane swells gradually until a steady 
state has been reached. A change in the concentration of the 
permeating water is not instantly and completely reflected as a 
corresponding change of the rate of diffusion or permeation. 
Because of hysteresis of the absorption and swelling of the mem­
brane, the ultimate permeation rate depends on whether the wa­
ter content of the membrane has been obtained by drying a wet 
membrane or by moistening a dry membrane. KING (1945) ob­
served that the water permeation through a 0.05 mm thick kera­
tin membrane had the same hysteresis as the water absorption 
of the keratin. The value of the water permeability i s , there­
fore, dependent on the "history" of the membrane. 
The self-diffusion coefficient of water is dependent on the 
concentration of dissolved materials, especially ions. The self-
diffusion coefficient of pure water is about 20 "¡o higher than the 
diffusion coefficient of water in a 1 M salt solution (JONES et 
al . , 1965). The influence of the ions upon the water structure 
is responsible for this deviation (FENICHEL & HOROWITZ, 
1965). As a consequence the permeability coefficient of membra-
nes has to be dependent on the concentration of soluble substan-
ces and change with varying concentration of these substances. 
The permeability of colloidal membranes will be influenced s i -
19 
milarly by the ion concentration. 
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C H A P T E R II 
M E A S U R E M E N T 
Summary 
Λ s h o r t review of the avai lable measur ing methods 
i s p r e s e n t e d , and the r e a s o n s a r e d i s c u s s e d for the choice 
of the thermal conductivity cel l a s a sens i t ive m e a s u r i n g 
element in the determinat ion of the sk in ' s w a t e r vapor l o s s 
in environmental humid a i r . A commercial ly avai lable GOW 
MAC thermal conductivity micro cel l has been used a s a hu­
midity s e n s o r ; the a p p a r a t u s and the techniques used a r e 
d e s c r i b e d in d e t a i l ; i t s sens i t iv i ty al lows the measurement 
2 
of the w a t e r vapor l o s s of only one cm human forearm sk in; 
the sens i t iv i ty i s very s i m i l a r , w h e t h e r d r i e d o r humid a i r 
i s u s e d . S e v e r a l ca l ibra t ion methods , both d i r e c t and ind i­
r e c t , r e v e a l e d a sens i t iv i ty of about 0 .7 mV (mg w a t e r ) " 
(l a i r ) . Among these ca l ibra t ion methods a new, simple 
d i r e c t method has been appl ied. The specif icity has been in­
vest igated by d i r e c t comparison with a specific e l e c t r o l y t i c 
technique, and was found to be a d e q u a t e . A measurement 
can be completed within a few minutes when ambient humid 
a i r i s p a s s e d over the sk in . 
I I . 1. P R I N C I P L E S O F S O M E M E T H O D S 
O F M E A S U R E M E N T 
As long ago a s 1614, it has been shown that a human being 
Most of the material of this chapter has been published in the Journal of Applied Physiol­
ogy 23(6): 994-997 (1967). Discussion with and help from the cooperators of the NV 
BECKER, DELFT are gratefully acknowledged. 
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l o ses weighable amounts of wa te r (SANCTORIUS). This g r a v i -
metr ic method of measurement is s t i l l in use (ZOLLNER et a l . , 
1955; BREBNER et a l .
 t 1956; MALI, 1956; ZOON & MALI, 
1957; WEBB et a l . , 1957). The total l o s s of wa te r i s c o r r e c t e d 
for the w a t e r evapora ted from the lungs . The technique of the 
measurement h a s , of c o u r s e , been improved very much. This 
method gives information about the complete "organ" of the hu-
man skin; it does not invite applicat ion in a dermatologica l c l i -
n i c , where the i n t e r e s t l i es in local deviat ions of small a r e a s 
of the sk in . 
The invest igat ion of the wa te r los s of limited a r e a s of the 
skin has a lways a t t r ac t ed i nves t i ga to r s . Methods in which dr ied 
a i r was pa s sed over a limited skin a r e a ( e . g . the forearm) were 
developed (SEGUIN & LAVOISIER, 1789; BARRATT, 1897; 
SCHWENKENBECHER, 1904; MOOG, 1923; EIMER, 1927; 
NEUMANN et a l . , 1941 ; BURCH & SODEMAN, 1943). ROTH-
MAN (1921) succeeded in measur ing the wa te r vapor l o s s of only 
2 
20 cm forearm skin . No improvement in sens i t iv i ty was r e p o r -
ted for some d e c a d e s . 
The e a r l i e r methods of weighing absorbed w a t e r vapor w e -
r e gradual ly abandoned when limited a r e a s of skin w e r e involved 
in the inves t iga t ion . Absorption of w a t e r v a p o r , followed by an-
o the r , more sens i t ive phys ica l measurement became the vogue. 
F o r example , the e l e c t r i c a l conductance of a lithium chlor ide 
cel l o r a DUNMORE (1 938) element was applied and improved 
by B E T Z (1955). Another example: the e l e c t r o l y s i s of absorbed 
w a t e r , applied by van G A S S E L T & VIERHOUT (1963), was im-
proved by SPRUIT & MALTEN (1966). Th i s l a s t method of mea-
surement i s the most sens i t ive one yet ava i l ab le ; an a r e a of on-
2 
ly 0 .2 cm forearm skin is sufficiently l a rge to permit a quan t i -
tative determinat ion and r eco rd ing of the insens ib le p e r s p i r a -
t ion. Even more sens i t ive ins t ruments may soon be developed 
as a r e s u l t of the development of new sens ing e l e m e n t s , e . g . the 
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radio frequency quartz crystal coated with a hygroscopic mate-
rial is already ten times more sensitive than the electrolytic 
water analyzer (KING, 1965). 
Most of the methods can only be applied if dried air is con-
ducted over the skin, though it has often been considered a d i s -
advantage that the skin is exposed to dry air instead of the nor-
mal environmental humid a i r . The permeability of the skin de-
pends on the water content of the stratum corneum (chapter III). 
The water content of the horny layer of the skin al ters when the 
water content of the atmosphere changes. Therefore many inves-
tigators prefer to study the water vapor loss of the skin when 
exposed to air of a fixed humidity, which can be obtained by 
bubbling the air through a saturated NaCl solution before it r e a -
ches the skin (McDOWELL et a l . , 1954). Other investigators 
even want to avoid a flow of air along the skin surface, and r e -
cord the increasing humidity inside a cup placed upon the skin 
(HEERD, 1959; THIELE & SCHUTTER, 1962). Ideally, the 
skin should be investigated under unaltered atmospheric condi-
tions, so that the skin does not need time to acclimatize to a 
changed environment. In some methods of measurement this 
principle is realized. Environmental humid air is conducted 
over the skin and hygrometers are mounted in the air both befo-
re and after it has passed the skin. Only large areas of skin 
have been used in these investigations; the sensitivity of the 
hygrometer is cri t ical . By measuring the absorption of infrared 
radiation, the investigated area of the skin can be limited to 20 
cm2 (PALMES, 1948; improved by ALBERT & PALMES, 1951; 
see also JOHNS, 1965). The measurement of the thermal conduc-
tivity of the air has been shown to be an improvement, allowing 
2 the measurement of the insensible perspiration of 1 cm forearm 
skin (SPRUIT, 1967; this chapter). In medical investigations 
such small areas are a necessity, as the deviating skin is often 
very limited in its extent. Measurements by this last method may 
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therefore yield medically interesting resu l t s . 
In the study of sweat secretion, there are special require-
ments. The amount of the evaporated water is at least ten times 
the amount of the water vapor lost by insensible perspiration, 
so that the method need not be so sensitive. However, the wa-
ter vapor loss has to be recorded very rapidly. For this reason 
hygroscopic sensors , measuring electrical res is tance, are of-
ten applied (DARROW, 1934; ROY, I960; ROSENBERG et a l . , 
1962). The lithium chloride cell or DUNMORE element (DUN-
MORE, 1938; BULLARD, 1964; ROVENSKY & SAXL·, 1964) 
has also been used to explore the subclothing micro-environ-
ment of clothed human subjects (KENNEDY, 1965) and the re la -
tive humidity as near the leaf surfaces of plants as 0.75 mm. 
These elements are commercially available and their characte-
r is t ics have been well studied (HANDEGORD et a l . , 1965); an 
accuracy of about 0.1 $ RH is reached in some of them. The 
same accuracy has been claimed for the microwave refractome-
ter in the measurement of the moisture boundary layer near 
plant leaves and human skin (GATES, 1965). 
Because the thermal conductivity cell was used in this stu-
dy for the measurement of the water vapor loss in environmen-
tal humid a i r , this particular sensor will be considered in grea-
ter detail . 
The thermal conductivity cell is a detector of a change in 
the composition of a gas, whatsoever the change i s . It was in-
troduced by SHAKES PEAR in 1916 and called a "katharometer" 
(1921). Originally, it was applied in the detection of leakages 
in Zeppelin a i r balloons and afterwards found wide application 
in gas analysis and especially in gas chromatography, where it 
is used as a sensitive, non-destructive detector (LAWSON & 
MILLER, 1966; VISSER, 1957; LEYTEN, 1967). Its applica-
tion as a hygrometer was already suggested by SHAKES PEAR 
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in 1921 ; however , in p rac t i ce i t s use remained very limited 
(CHERRY, 1965). Yet , a s a hygrometer , it has been applied 
as the sens ing element in the r eco rd ing of sweat s ec re t ion by 
ADAMS et a l . (1963). Its usefulness in the measurement of the 
insens ib le p e r s p i r a t i o n of human skin may be predic ted from 
this r e p o r t . 
In p r i n c i p l e , the method of measurement of the w a t e r vapor 
loss from the skin is based on a comparison of the wa te r vapor 
concent ra t ions of the a i r before and af te r it has passed over a 
fixed a r e a of sk in . The sens ing element is a thermal conduct i -
vity c e l l ; this compr ises two compar tments . The a i r p a s s e s 
through the f i rs t compartment before it r e a c h e s the sk in . After 
the a i r has been humidified by pass ing over the sk in , the a i r 
i s led through the second compartment of the ce l l . A the rmis to r 
i s mounted in each compartment; these a r e incorpora ted into the 
a rms of a WHEATSTONE br idge c i r c u i t . Any difference in the 
composition of the a i r between the two compartments causes an 
inbalance in the b r i d g e , which is r e c o r d e d d i r e c t l y . 
2 The amount of w a t e r , evaporated from 1 cm of sweat ing 
skin pe r hour in s tudies of sweat s ec re t ion by ADAMS et a l . 
(1963), is between 4 and 40 mg. The amount of w a t e r , e v a p o r a -
2 
ted from 1 cm non-sweat ing skin pe r hour in s tudies of the i n -
sens ib le p e r s p i r a t i o n of forearm skin , i s about 0 . 4 mg. In s t u -
d ies of sweat s e c r e t i o n , a quick r e s p o n s e to any change in the 
r a t e of evapora t ion is an important fac tor ; in s tudies of i n s e n -
sible p e r s p i r a t i o n the sens i t iv i ty of the equipment is more im-
po r t an t . In both s tudies a thermal conductivity cel l can be used 
as a s e n s o r , though the dimensions and c h a r a c t e r i s t i c s of the 
cel l have to be chosen in accordance with the object in v iew. 
S o , ADAMS et a l . (1963) used a GOW MAC macro cel l in the i r 
s tudies of sweat s e c r e t i o n , and SPRUIT (1967, and this c h a p -
ter ) have applied a GOW MAC micro cel l for the measurement of 
insens ib le p e r s p i r a t i o n . 
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The air flow recommended for the thermal conductivity ma-
cro cell used by ADAMS et al . (1963), is 100 ml/min, and the 
air flow actually used by these investigators was 200 ml/min. 
The air flow recommended for the thermal conductivity micro 
cell used by SPRUIT (1967) in the measurement of insensible 
perspiration, is 5 - 1 5 ml/min, and the air flow in fact used 
was 10 ml/min. As a consequence, the humidification of the air 
in the application of the micro cell was 20 times as great as in 
the macro cell . With equally sensitive thermistors used as sen-
sitive elements in both methods, the resulting sensitivity of the 
total thermal conductivity micro cell is thus 20 times that of the 
macro cell . 
ADAMS et al . (1963) have commented, that the latency and 
time constant of response of the unit depends on the size of the 
sampling cup, the length and diameter of the tubing connecting 
to the cell , and the air flow rate through the system. Using a 
4.7 ml cup for sampling and approximately 60 cm tubing with an 
air flow of 200 ml/min, ADAMS et a l . found a response latency 
and time constant in the order of 2 sec and 10 sec for cup and 
tubing respectively. The reduction of the dimensions of the cup 
in the measurement of the insensible perspiration (0.4 ml volu-
me of the 1 cm cup) compensates for the increased lag time r e -
sulting from the smaller flow of 10 ml/min, so that it is only of 
the order of 3 sec as far as the cup is concerned. Use of teflon 
tubing with an inner diameter of only 1 .5 mm is possible becau-
se of the smaller air flow, so that the time lag of 100 cm tubing 
is still limited to 1 0 sec. 
In the measurement of sweat secretion it is not very impor-
tant whether dried air or another gas, e .g . environmental hu-
mid air is used. Dried air is preferable for sweat measurement 
because it certainly allows an appreciable amount of humidifica-
tion, and will not become saturated. In the measurement of in-
sensible perspiration, on the other hand, it is desirable to use 
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the o r d i n a r y environmental humid a i r . The permeabi l i ty - and 
hence the w a t e r vapor l o s s - of the horny l a y e r of skin a r e 
changed by varying the w a t e r content of the horny l a y e r . Such 
changes a r e of physiological and medical i n t e r e s t , but have the 
disadvantage that they complicate the m e a s u r e m e n t . On the o-
t h e r hand, measurement in humid a i r i s c a r r i e d out r a p i d l y , b e ­
c a u s e the skin will not need time to be accl imat ized to a diffe­
r e n t humidity if the normal environmental a i r is u s e d . Thi s im­
pl ies that m e a s u r e m e n t s in environmental humid a i r can be r e a d 
ins tantaneous ly , w h e r e a s measurements in dry a i r may r e q u i r e 
some time for equi l ib ra t ion. 
It can be calculated that the a i r a f ter p a s s i n g over the skin 
will n e v e r become s a t u r a t e d in normal environmental c i r c u m ­
s t a n c e s ( see F i g u r e IV. З) , so that the introduct ion of d r i e d a i r 
in the measurement of insens ib le p e r s p i r a t i o n is not n e c e s s a r y 
from this point of view. 
I I . 2 M E T H O D O F M E A S U R E M E N T I N 
E N V I R O N M E N T A L A I R 
The equipment for m e a s u r i n g the w a t e r vapor loss from hu­
man skin in environmental a i r c o n s i s t s of: 
1: a thermal conductivity cel l or k a t h a r o m e t e r block, GOW MAC 
micro cel l JDC 133, this being a sens i t ive w a t e r d e t e c t o r , 
2: an a i r pump, " R e c i p r o t o r " e lect romagnet ic piston pump, d e ­
l iver ing a constant a i r flow to the c e l l , 
3: two needle va lves , 
4: a 3- o r a 4- channel cock, 
5: two f low-meters , e . g . " R o t a m e t e r s " , indicat ing 3 - 3 0 ml/min 
6: teflon tubing, e x t e r n a l d iameter 4 mm and i n t e r n a l d i a m e t e r 1 
- 1 . 5 mm, 
7: s t a i n l e s s s tee l tubing, e x t e r n a l d i a m e t e r 2 mm, 
2 
8: a 1 cm χ 4 mm capsule for sampling the w a t e r vapor from the 
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sk in, 
9: a 30 С t h e r m o s t a t , 
10: an 8 V a c c u m u l a t o r , being a d i r e c t c u r r e n t power supply, 
1 1 : 0 - 1 0 m A m e t e r , contro l l ing the total e l e c t r i c c u r r e n t 
through the t h e r m i s t o r s at 6 .00 mA, 
12: 0 - 2 .5 mV pen r e c o r d e r , 
13: 5120 ohm decade stepping switch r e s i s t o r , used a s a s e n s i ­
tivity c o n t r o l , 
14: two 500 ohm r e s i s t o r s , for ba lancing the WHEATSTONE 
b r i d g e , 
15: 500 ohm var iab le r e s i s t o r , for se t t ing the br idge c u r r e n t , 
16: 100 ohm 10-turn "Hel ipot" r e s i s t o r , for z e r o adjustment of 
the b r i d g e , 
17: two 50 ohm r e s i s t o r s , for counterba lancing the "Hel ipot" 
100 ohm r e s i s t o r in the br idge c i r c u i t . 
18: a thermocouple e lement, for m e a s u r i n g the skin t e m p e r a t u r e 
inside the c a p s u l e , 
19: an a s p i r a t i o n hygrometer , for m e a s u r i n g the humidity of the 
environmental a i r . 
solid, copper b lock 
Figure II. 1 
C r o s s section through a compartment of the GOW MAC thermal 
conductivity micro cell JDC 133. 
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A cross section through the thermal conductivity cell used 
in our measurements is represented in Figure II. 1 . The ther­
mistor (Τ) IS embedded in glass. The sample and reference air 
streams flow just below the thermistor beads. Two thermistors 
are mounted in one block (see Figure II. 5). The thermistor is 
heated by an electric current of 3 mA; its temperature is about 
80 C, whilst the atmosphere around the solid copper block is 
kept at a constant temperature of 30 С, obtained by circulating 





£ (Ж lA-leter 
recorder 
(0-2 5mV) 
Figure II. 2 
The WHEATSTONE bridge circuit for the measurement of Ihe 
change of the electrical resistance of the thermistors of the 
thermal conductivity micro cell. 
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insulated container. Most of the heat, produced in the thermis­
tor by the electric current, is conducted through the air to the 
solid copper block. The rate of this conduction is determined 
by the thermal conductivity of the a i r , and this thermal conduc­
tivity is dependent on the composition of the air which is pas­
sing through the channel.. The rate of flow is 10 ml/min. 
The electrical resistance of the thermistors is very much 
dependent on their temperature and, because of this, is used as 
a measure of the thermal conductivity and the composition of the 
a i r . The thermistors of a katharometer block are a matched 
pair, and the difference between their electrical resistances is 
determined by means of a W'HE ATS Τ ONE bridge circuit (Figure 
II.2). The electric power is supplied by an 8 V accumulator and 
the current is set at 6.00 m A by means of a variable 500 ohm r e ­
s is tor. The circuit is basically that suggested by the thermal 
conductivity cell manufacturers (GOW MAC Instruments Co. , 
Madison, N . J . , U . S . A . ) , and the 6.00 mA current is recom­
mended by them. The 8 V accumulator direct current power sup­
ply is the only real modification in the recommended circuitry. 
The output from the bridge is set at "zero" by means of the va­
riable 10 turn "Helipot" res i s tor of 100 ohm. As soon as the r e ­
sistance of one of the thermistors is changed, an electric cur­
rent will be recorded. An output of one scale unit (0.025 mV) 
is cancelled out by a zero adjustment of 0.007 ohm. The effect­
ive sensitivity of the 2.5 mV recorder can be decreased by a 
decade stepping, discontinuously adjustable switch res i s tor of 
5120 ohm. 
If measurements of the water vapor loss of the skin are 
wanted both in dry a i r and in environmental humid air (as has 
been the case in our investigations), both dry and humid air ha­
ve to be immediately available. The scheme for the preparation 
of a stream of dry or environmental humid air at choice is p r e ­





Diagram for the preparation of a 30 ml/min stream of dry air 
or environmental humid air. 
vers a stream of about 300 ml environmental a ir per minute. 
Only one tenth part is conducted into the Erlenmeyer flask, ni­
ne tenths being allowed to escape through a capillary tube at A, 
The resulting stream of 30 ml a ir per minute, leaving the Erlen­
meyer flask, is at constant flow and is conducted either through 
a tube filled with silica gel or through a capillary tube. The 
flow resistance of the capillary tube is chosen to be identical 
with the resistance of the silica gel tube, so that the change o-
ver from dry air to humid air (and the reverse change) passes 
off smoothly. When the drying power of the silica gel becomes 
insufficient, the tube filled with silica gel has to be dried at the 
relatively high temperature of 240 С (instead of the normally 
applied i 20 С), passing dry a i r or dry nitrogen from a cylin­
der slowly through the tube during the last hour of the drying 
process . This yields a drying capacity of the silica gel tube to 
about 10 ppm water per volume air (less than 0.1 % RH).A well 
regenerated tube will last for several months1 continual servi­
ce without any appreciable increase of the relative humidity of 
the a ir delivered. Closing of the capillary tube at A (see Figu­
re II. 3) increases the flow considerably. By closing this tube 
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o u t p u t (mV) 
12 
100 t i m e 
Cmin) 
Figure II .4 
Recording of the output of the thermal conductivity cell when 
in a closed system the stream of environmental humid a i r is 
switched over to dry a i r (and the r e v e r s e ) . 
32 
with the thumb for about a minute , the complete ins t rument is 
quickly vent i la ted . A normal change from dry a i r to humid a i r 
(and the r e v e r s e ) will r e q u i r e about 30 - 50 minutes (see F igu re 
I I . 4 ) . By the "thumb clos ing" p rocedure this time can be s h o r t e -
ned to about 20 minu tes . From F igu re I I .4 it i s a l so evident that 
the ze ro output of the instrument is independent from the humidi-
ty of the a i r used . 
The flow diagram of the a i r through the thermal conduct iv i -
ty cel l and over the skin is i l lus t ra ted in F igu re II. 5 . The a i r , 
en te r ing the system at " i n " , is divided into two p a r t s . One par t 
p a s s e s through the f i rs t compartment of the thermal conductivi ty 
ce l l , both in diagram " z e r o " and in diagram " m e a s u r e " . From 
this f i rs t cel l compartment the a i r flow is d i r ec t ed through the 
s t a in l e s s s tee l tube S1 into the th ree -channe l cock which is 
shown in the cen t re of both flow d i a g r a m s ; the connect ions of the 
tubes conducting the a i r flows a r e in terchanged by this cock . 
When the cock is se t to " z e r o " , the a i r flow from tube SI is l ed , 
via tube S 4 , into the second compartment of the thermal conduc-
tivity ce l l . In this way the composition of the a i r i s left unchang-
ed; the pathway along the skin sur face i s s h o r t - c i r c u i t e d . The 
e l e c t r i c a l r e s i s t a n c e s of the the rmis to r s n o s . 1 and 2 a r e ba l an -
ced in the WHEATSTONE br idge c i r c u i t . The a i r flow is measu -
red by the lefthand flowmeter when it l eaves the second cel l com-
par tment . 
When the cock is se t to "measu re " , the a i r flow from tube 
S1 is led into tube S 2 . The composition of the a i r r emains un -
changed until it r e a c h e s the wa te r vapor sampling cup which has 
been placed on the sk in . The wa te r evapora t ing from the skin 
humidifies the a i r pas s ing through this cup ; the i n c r e a s e d wa te r 
content of the a i r i s r e p r e s e n t e d in the flow d iagrams by the 
blackened a r e a s of the t u b e s , cup , e t c . . The a i r with i n c r e a s e d 
w a t e r content p a s s e s via tube S 3 , the t h r ee - channe l cock and 




Figure II. 5 
Flow diagrams of the a i r stream through the thermal conducti-
vity cell (TCC) and over the skin, 
(modified F igu re , originally published in J , appi, Physiol , 23: 
994-997, 1967) 
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c e l l , and leaves the appara tus by the lefthand flowmeter. The 
composition of the a i r has been changed, in con t ras t to the s i t u -
ation of flow diagram " z e r o " , because in this case the a i r p a s s -
ing through the second cell compartment has been i nc r ea sed in 
i ts wa te r content . Consequently the e l e c t r i c a l r e s i s t a n c e of t h e r -
mis tor no . 2 is a l t e r e d . 
However this is not the only change influencing the r e s i s -
tance of the rmis to r no . 2 . The r a t e of the a i r flow has been d e -
c r e a s e d by changing the posit ion of the t h r ee -channe l cock from 
"measu re" to " z e r o " ; this a l so influences the conduction of the 
heat from the the rmis to r to the ka tha romete r block, and hence 
the e l e c t r i c a l r e s i s t a n c e of the t he rmi s to r . A d e c r e a s e in the r a -
te of the a i r flow cannot be avoided when a th ree -channe l cock is 
used , because the flow r e s i s t a n c e through the long and na r row 
tubes S2 and S3 and through the cup is a lways higher than 
through the shor tc i rcu i t ed path shown in diagram " z e r o " . This 
change could be avoided if a four-channel cock were used and an 
addit ional tube connected with the same flow r e s i s t a n c e a s tubes 
5 2 and S3 toge the r . This solution of the problem i s , however , 
u n n e c e s s a r y , and another solution has been p r e f e r r e d . 
According to flow diagram " z e r o " , tubes S1 , S 4 , and a l so 
5 3 contain non-humidified a i r . Immediately a f te r switching the 
t h r ee -channe l cock from " z e r o " to " m e a s u r e " , the non-humidi-
fied a i r from tubes S4 and S3 s t a r t s pass ing through the second 
compartment of the thermal conductivity c e l l ; this cont inues for 
about 20 s e c o n d s . The r a t e of i ts flow is exact ly the same as the 
r a t e of flow of the humidified a i r which will follow, "and the out-
put of the WHEATSTONE br idge c i r cu i t dur ing this 20 seconds 
passage of non-humidified a i r can be r e c o r d e d and compared with 
the output of the br idge c i rcu i t dur ing the subsequent per iod of 
measurement . The change of this output i s thus only dependent 
on the change of the composition of the a i r , because m e a s u r e -
ments a r e made whilst the flow r a t e remains cons tan t . An exam-
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pie of a measurement, demonstrating these effects, is shown in 
Figure 11.11 , the recording of a calibration experiment. 
It has been mentioned before that the measurement of the 
water vapor loss of human skin in environmental humid air is 
useful because in this way the skin need not be acclimatized 
to an altered humidity. Therefore, the air above the skin (con-
tents of the cup) must not be allowed to become saturated with 
water. In order to realize this, a part of the air flow entering 
the system at "in", is directed through tube S3 (diagram "zero"), 
through the cup, tube S2 , a capillary tube, and the righthand 
flowmeter. The length of this capillary tube has been chosen so 
as to create a flow of 10 ml/min as indicated by the righthand 
flowmeter when the cock is set to "zero"; this is the same flow 
as is indicated by the lefthand flowmeter when the cock is set to 
"measure". A fine adjustment of the flow rate is provided by a 
needle valve between the capillary tube and the righthand flow-
meter. As a resul t , both in settings "zero" and "measure", the 
air flow through the cup is identical: 10 ml/min. The air flow is 
only stopped for a very short moment when the three-channel 
cock is changed from position "zero" to position "measure", 
less than one second. 
The length of the stainless steel tube S4 may be kept short, 
but the length of teflon tubes S3 and S2 has to be at least 40 cm 
for ease in manipulating the cup for sampling the water vapor 
loss from the skin. The length of tube S3 has therefore been ad-
justed so that a change of the three-channel cock from position 
"zero" to position "measure" was followed by a 20 seconds pass-
age of non-humidified air through the second compartment of the 
thermal conductivity cell . The length of tube S2 is also an im-
portant characteristic of the speed of the measurement; it is 
best chosen to be about 10 to 20 cm longer than tube S 3 . The 
reason of this choice and its effect can be described as follows. 
The a i r flow through tubes S2 and S 3 , when the cock is set 
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to "measure" , is in the opposite direction as compared to the 
flow through these tubes, when the cock is set to "zero" . Accor-
ding to the flow scheme of diagram "zero" , the tube S3 contains 
a i r of unchanged composition flowing through the sampling cup. 
The humidified air leaves the sampling cup through tube S2 . Im-
mediately after switching the three-channel cock to the position 
"measure", the humidified air contents of tube S2 change flow 
direction and return to the sampling cup, are again moistened by 
water vapor from the skin, and after being twice humidified, 
reach the second cell compartment of the katharometer via tubes 
S3 and S4. 
In the meantime another phenomenon causes a decrease of 
the water content of this double-humidified air so that it reaches 
the second cell compartment at only a very slightly increased l e -
vel above the once-humidified a i r . The flow in the middle of the 
narrow tubes is fast, but the flow near the walls of these tubes 
is much slower. Near the walls of tubes S3 and S4 some non-hu-
midified air adheres, therefore, whilst the double-humidified 
air s tarts to pass through the middle of the tube. As the excess 
water content of the double-humidified air is exchanged to some 
extent with the lower water content of the non-humidified air at 
the walls, the double-humidified air will not reach the second 
cell compartment as such. Its water content will be decreased 
considerably; this is dependent on several factors, including the 
length and diameter of tubes S3 and S2 . Curve a of Figure IV. 4 
represents an example of these effects, demonstrating a small 
"overshoot" resulting from this double-humidification of the con-
tents of tube S2. Curve a shows that the time of the measurement 
can be reduced to less than two minutes by an appropriate choice 
of the dimensions of the tubes. 
Stainless steel was selected for the material of the short tu-
bes S1 and S4, the sampling cup and other parts in order to mini-
mize absorption of water vapor at the walls and diffusion of water 
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vapor through the walls (WALKER & CAMPION, 1965). The ma­
terial has to be internally clean as otherwise the time of indica­
tion of the result of a measurement is increased by absorption 
and exchange of water vapor by the pollution at the walls. The 
katharometer block was made from copper. Although this materi­
al is slightly inferior as far as its use in a water vapor measure­
ment equipment is concerned, the results were satisfactory and 
therefore this block was not exchanged for a stainless steel 
block. As one has to be able to manipulate the sampling cup very 
easily, and the pressure of the cup on the skin must not be allow­
ed to become too great - especially at injured skin sites -
stainless steel or nickel tubing cannot be applied in the tubes S2 
and S3 which connect the sampling cup to the instrument. Teflon 
tubing was chosen because this material has, as far as is known, 
the smallest permeability to water vapor and the lowest absorp­
tion of the various plastic materials available. The walls of the 
teflon tubes S2 and S3 have to be ra ther thick (about 1 .0 mm) in 
order to prevent diffusion of water from the outside atmosphere, 
especially when dried a i r is used. Walls of 0.2 mm thick teflon 
proved to be unsatisfactory. 
The output of the WHEATSTONE bridge circuit is regis te­
red by a 0 - 2.5 mV recorder . The change of the composition of 
the a ir determines the output of the recorder (mV). The increase 
of the water content of the a i r , originating from its passing over 
a fixed area of human skin or another source, is inversely pro­
portional to the flow of the air (ml/min). Therefore, the amount 
of water vapor lost from the skin is calculated by multiplying the 
output of the recorder (mV) by the flow, determined by the left-
hand flowmeter (ml/min). 1 mV ml min appeared to be equi­
valent to about 90 μg water per hour. 
The accuracy of the reading of the flowmeter ("ROTAmeter" 
3 - 3 0 ml/min, ROTA, Oeflingen, Baden) is 0.1 ml/min. The 
flow will usually be constant for some hours, but in some circum-
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s t a n c e s it will tend to d e c r e a s e o r i n c r e a s e s l ight ly, e s p e c i a l l y 
for a s h o r t time af ter the set t ing has been changed o r a f ter the 
ins t rument has been put into u s e . The r e a d i n g of the " z e r o " out­
put of the thermal conductivity cel l v a r i e s sl ightly with the flow 
r a t e . The var ia t ion depends on the balance between the matched 
p a i r of t h e r m i s t o r s and the p r e c i s i o n of assembling the t h e r m i s ­
t o r s in the block. The dependency, determined for a commerci­
al ly obtained thermal conductivity GOW MAC micro cel l JDC 133 
block, i s r e p r e s e n t e d in F i g u r e I I . 6 . The value of the maximum 
slope is 0.005 mV p e r f lowrate change of 0.1 ml/min. This d e ­
viation cannot be r e a d on the 2.5 mV r e c o r d e r and is too small 
to be of s ignif icance in the measurement of the w a t e r vapor l o s s . 
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Figure II.6 
Variation of the output of the thermal conductivity cell with the 
flow rate of the air. 
A cup of 1 .0 cm i s the l a r g e s t one that can be applied in 
m e a s u r e m e n t s on the f ingers ( F i g u r e I I . 7 ) . It is a l so the l a r g e s t 
one that can be used without p r e c a u t i o n s being taken for effecti­




Λ 1.0 cm cup, incorporating a thermocouple element, used on 
the finger. 
o u t 
grating. 
Figure II.8 
The convection of the air stream over the skin under a 2 cm 
cup is improved by partitions, mounted inside the cup. A ther­
mocouple element is installed at T. 
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element for measuring the temperature of the skin inside the cup 
is mounted in the middle of the cup, so that it touches the skin 
and will leave behind a slight indentation shortly after the mea-
2 
sûrement. In a larger , 2 cm cup, partitions have been mounted 
in order to improve the contact of the air stream with the skin 
surface (Figure II.8). Cups of only 0.2 cm are preferably used 
in measurements on sweating skin. 
I I . 3 . 1 . C A L I B R A T I O N 
The non-linear relation between the water concentration of 
the air and its thermal conductivity was already published by 
GRUSZ & SCHMICK in 1928. They not only investigated water/ 
a ir mixtures, but many other gas mixtures too. However, the de-
viating behavior of the water /a i r mixture was most striking and 
so it became the example of non-linearity, and impeded further 
developments; wrongly as has been argued by CHERRY (1965). 
The thermal conductivity of pure water vapor is relatively 
low. This value is called the "polar" thermal conductivity (see 
Table II.A), as the collisions between molecules occur only be-
tween polar water molecules. With a mixture containing only a 
small proportion of polar water vapor and a large proportion of 
nonpolar air molecules, the mutual interaction between polar 
water molecules is greatly reduced since the polar molecules 
collide mainly with nonpolar air molecules. The contribution of 
the water vapor to the thermal conductivity of the mixture does 
not relate to the pure "polar" thermal conductivity of water va-
por. At very low water concentrations this contribution is deter-
mined only by the value of the "nonpolar" thermal conductivity of 
water vapor; this value is considerably higher than the value of 
the polar thermal conductivity of water vapor and the value of 
the thermal conductivity of a i r ; see Table II.A. 
The thermal conductivity of air containing 45 vol.fo water 
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Table ILA: 
Values of thermal conductivities (TC) of water vapor and of a i r . 
TC of a ir : 
"polar" TC of water vapor: 
"nonpolar" TC of water vapor 
(low concentration): 
ratio "nonpolar"/"polar" TC: 
Thermal conductivity (TC) 
at a temperature of: 
* ) *-*) о 65 ' 200 ' 0 C 
3.7 ц\ т~ 1 0 C ~ 1 
2.07 2.85 д т " 1 0 C ~ 1 
3.14 7.5 ц\ т~ 1 0 C ~ 1 
1.5 2.6 
according to BENNETT & VINES (1955) 
according to CHERRY (1965) 
vapor is identical with the thermal conductivity of pure dry a i r ; 
and the maximum thermal conductivity of air/water-vapor mixtu­
r e s exists in air containing about 20 vol.% water vapor (GRUSZ 
& SCHMICK, 1928). Of course such high water vapor concentra­
tions can only be realized under non-physiological circumstanc­
e s ; in normal environmental conditions they are not possible. 
Even at temperatures in the order of 20 - 30 C, a i r is comple­
tely saturated with water vapor by only 2 - 3 vol.% water (Fi­
gure II. 9, curve at 100 fo RH). Therefore, only the relation be­
tween the thermal conductivity of air and water vapor concentra­
tions up to 3 vo l .$ is strictly relevant to our investigations. 
The relative thermal conductivity of mixtures containing low 
concentrations of water vapor in several different gases was in­
vestigated by CHERRY (1965). Some of these results are presen­
ted in Figure II .9 . The thermal conductivity of water vapor mix­
tures with argon, with carbon dioxide and with oxygen was found 
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relative br idge o u t p u t 
d u e to w a t e r v a p o r 
(arbitrary •uYiits) 
1 2 3 v o l u m e 
per c e n t w a t e r vapor 
го 
40 60 80 IOO%RHat 25°C 
/ / / / / / /
 M 
1 II II/If/ at,e°C 20 40 60 60 100 
% r e l a t i v e humid.ity 
Figure II. 9 
The relative thermal conductivity of mixtures of water vapor 
with several gases (Ar, N 2 , O-, air, and C O j as published 
by CHERRY (1965). The water concentrations of CHERRY'S 
Figure are additionally compared to the relative humidity va­
lues at normal temperatures (18°, 20° and 25° C) as represen­
ted at the foot of the Figure. 
to follow a linear relation to the water concentration. Only the 
thermal conductivity of water vapor mixtures with nitrogen -
and, as a consequence also with air - was found to deviate 
from this l inear relation to the water concentration. The non-
linearity is especially relevant at concentrations of 0 0 - 0 . 6 
vol.fo water; at concentrations between 0.6 and 2.5 ro l .% a l i­
near relation can be assumed as is evident from the straight un­
broken line drawn through CHERRY'S measurements of water/ 
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/ air mixtures. The slope of this graph between 0.0 and 0.2 
vol.'fo water appears to be about twice that found at concentrati-
ons between 0.6 and 2.5 vo l .$ water. This means that the effec-
tive sensitivity of the thermal conductivity cell will be twice as 
much in dry air (0.0 - 0.2 vo l .$ water) as in environmental hu-
mid air (about 1 .5 vol.^o water). 
From the foregoing it is apparent that the thermal con-
ductivity cell be calibrated both in dry and in environmental hu-
mid a i r . 
Several methods (too many) have been proposed for the 
calibration of thermal conductivity cells and other hygrometrical 
instruments of this kind. In the same year (1948) WEXLER impro-
ved the method of WALKER & ERNST (1930) and CHERRY impro-
ved his own former method, which he "discarded, because of e r -
"ratic results obtained." 
"Reproducible calibration is a difficulty common to all relative 
"humidity or water vapor pressure-sensing elements, arising in 
"part from the detection characterist ics of the individual unit, 
"but largely related to difficulties in obtaining stable, predicta-
"ble, low levels of water vapor." (ADAMS et a l . , 1963). 
II .3.2 D I R E C T C A L I B R A T I O N M E T H O D 
The problem of obtaining stable and controlled rates of 
evaporative water loss was met by ADAMS et a l . (1963) by run-
ning 200 ml dry air per minute through a brass block containing 
water in the liquid phase. Fluctuations of the rate of evaporative 
water loss were less than 0.03 mg water per minute. However, 
the rate of water vapor loss by insensible perspiration from one 
2 
cm forearm skin as measured with our thermal conductivity cell 
-2 -1 
method is only 0. 5 mg water cm h . The rate of water produc-
tion in the calibration device i s , therefore, limited to only 0.5 
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mg water per hour, that is 12 mg water per day. In order to 
reach this requirement, a simple calibration bottle has been de­
vised (Figure 11.10). The air flow through the bottle passes over 
an opening, A, a small area (1 mm ) of a ir moistened by wetted 
silica gel in the interior of the bottle. The water loss from this 
bottle is about 0.5 mg/h. As the accuracy of an ordinary analyti­
cal balance is about 0.2 mg, a calibration experiment should p r e ­
ferably be extended over about two days, resulting in about 25 mg 
total water loss . The calibration bottle is weighed before the ca­
libration experiment starts and at the end of the experiment. 
ώ 
Figure 11.10 
Glass bottle for calibration of the thermal conductivity cell 
water analyzer, 
(reprinted from the J. appi. Physiol. 23: 994-997, 1967) 
The water loss from the bottle is governed by FICK' s 
law of diffusion. In accordance with FICK's law the rate of the 
water loss through the opening A was shown only to be dependent 
on: 
1 : the area of the opening A ; 
2: the temperature; 
3: the difference between the humidities of the air on either side 
of opening A, i . e . between the interior of the bottle above the 
moistened silica gel and the air running through the 10 mm dia­
meter tube. 
It has been shown to be independent of the flow rate of the a i r 
through the tube between 3 and 30 ml/min. 
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The water loss from the calibration bottle, linked into 
the measuring circuit in place of the cup (Figure II. 5), is not in­
fluenced by a shift of the three-channel cock from "zero" to 
"measure" . Thus, a determination of the water content of the 
air can be performed as frequently as is wanted by the investi­
gator during a calibration experiment, without disturbing it. The 
investigator frequently wants to check whether the rate of moist­
ening of the (preferably environmental humid) a ir by means of the 
calibration bottle is constant, as it is difficult to prepare, with 
a high degree of certainty, a source of humidification which will 
remain stable for a calibration period of two days. In this r e s ­
pect, the factors mentioned as 2 and 3 in the foregoing paragraph 
(the temperature and the humidity gradient) are particularly im­
portant. The calibration bottle can be placed in a thermostat if 
the temperature of the room fluctuates more than + 1 C. It has 
been calculated that variations of the temperature of the calibra­
tion bottle of 1 С will cause variations of the water content in­
side the bottle of about 6 $ . 
The water content of the environmental humid air ente­
ring the calibration bottle can be supplied from a 200 1 tank if 
extreme reproducibility is wanted. In practice it proved suffici­
ent to obtain the air directly from the outside (the room) through 
a 1 l i ter bottle as shown in Figure II. 3, periods of stable wea­
ther being chosen for the calibration experiments. Every two 
hours (or at least every four hours) during a calibration experi­
menta series of at least 5 measurements of the water content of 
the air is made, and the average of these 5 values of the humidi­
fication of the air calculated. In this way about 24 (resp. 12) r e ­
sults are obtained during a calibration experiment over a 2 days 
period. A reliable result of the calibration experiment is found 
by calculating the mean of the 24 individual values. In a typical 
experiment no result deviates more than about 10 ^ from this 
mean. 
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In normal ca l ibra t ion exper iments the s i l ica gel inside the 
ca l ibra t ion bottle was moistened with about 50 % wa te r in o r d e r 
to maintain a cons iderab le humidity in the i n t e r i o r of the bo t t l e , 
so that a sufficient difference of the wa te r content of the a i r at 
both s ides of the opening A is r eached dur ing the exper iment . Un-
fortunately it i s difficult to e s tab l i sh the p r e c i s e r e l a t ive humidi-
ty inside the bot t le when s i l ica gel i s u sed . In ce r t a in experiment 
this i s a d i sadvan tage , and therefore in some exper iments 20 rfo 
glycer in solution was substi tuted for the s i l ica ge l . The r e l a t ive 
humidity of the a i r above 20 $ glycer in is known to be 95 % and 
the humidity of the a i r inside the bottle will have reached this va -
l u e . S imi lar ly sa tu ra ted NaCl solution was used in o ther e x p e r i -
ments , yielding 75 $ RH in the i n t e r i o r of the bo t t l e ; o r 51 $> s u l -
furic ac id , yielding 35 % RH. F I C K ' s law proved to be val id . 
When the normal environmental humid a i r from the room 
is chosen as a sou rce of the a i r flow, the var ia t ion coefficient 
( re la t ive s t andard deviation) of a s e r i e s of 1 0 measurements -
in total r equ i r i ng 20 minutes - i s 2 fo· the var ia t ion coefficient 
of a s e r i e s of 35 measurements - in total r equ i r ing about 50 min 
- i s 3 rfc, somewhat l a r g e r because of sl ight var ia t ions of the 
humidity of the environmental a i r . The var ia t ion coefficient of 
the means of 1 2 s e r i e s (each cons is t ing of 1 0 measurements) du -
r ing a ca l ibra t ion experiment of 2 days has a l so been 3%. When 
tempera ture fluctuations dur ing such exper iments were about 1 
C , the var ia t ion coefficient was inc reased to about 5 %. This 
l a t t e r var ia t ion coefficient has been used as a check of the r e l i -
abil i ty of the ca l ibra t ion exper iment . 
When d r i ed a i r , containing 0 .06 v o l . $ w a t e r , i s taken 
a s a source of the a i r flow, the var ia t ion coefficient of a s e r i e s 
of 5 measurements - in total r equ i r i ng cons iderab ly more time 
than measurements in humid a i r , namely about 50 minutes - i s 
3 fi. 
These var ia t ion coefficients of the ca l ib ra t ion e x p e r i -
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ment m e a s u r e m e n t s of 2 f', 3 ?", o r 5 ?'-, a r e c o n s i d e r e d to be 
a c c e p t a b l e , as the var ia t ion coefficient of measurements of the 
w a t e r vapor l o s s of skin in vivo by an e l e c t r o l y t i c w a t e r ana ly­
z e r (SPRUIT & MALTEN, 1965) was found to be about 10 <$>, 
when m e a s u r e m e n t s w e r e taken at s e v e r a l different days dur ing 
a monthly p e r i o d . Thi s apprec iab le var ia t ion coefficient must be 
a t t r ibuted to physiological changes of the w a t e r vapor loss of 
human skin, as the v a r i a t i o n coefficient of m e a s u r e m e n t s on c a ­
d a v e r o u s skin i s only 2 %. 
The flow through a GOW MAC thermal conductivity mi­
c r o cel l JDC 133 must remain within the limits of 5 and 1 5 ml/min • 
for technical r e a s o n s , a s is s ta ted by the m a n u f a c t u r e r . A typi-
cal uptake of w a t e r by an a i r flow of 1 0 ml/min from 1 cm skin 
— 2 —1 
(water vapor l o s s 0.5 mg cm h ) o r from the ca l ibra t ion bot t­
le (figure II . 1 θ) i s 0 .83 mg w a t e r p e r l i t e r a i r ; an i n c r e a s e of 
0.11 vol.?/' w a t e r . This i n c r e a s e i s sufficiently small for it to 
be poss ib le to check the conclusion based on the r e s u l t s r e p o r ­
ted by CHERRY (1965, see F i g u r e I I . 9 ) , that the sens i t iv i ty 
should be twice a s high in d r i e d a i r (0 .0 - 0 .2 vol .% water) a s 
it is in humid a i r (1 .5 vol .% w a t e r ) . Some c a l i b r a t i o n e x p e r i ­
ments have been c a r r i e d out for this p u r p o s e . In these e x p e r i ­
ments d r i e d a i r with 0.06 v o l . ^ w a t e r (determined by an e l e c t r o ­
lytic w a t e r a n a l y z e r ) and environmental humid a i r of 1 .5 v o l . $ 
w a t e r (determined with the aid of an a s p i r a t i o n psychrometer ) 
was u s e d . The r e s u l t s a r e given in Table Η . В (see in S e c t i o n 
I I . 3 .4) , and do not confirm the above conclus ion. 
I I . 3 . 3 I N D I R E C T C A L I B R A T I O N 
M E T H O D S 
The d i r e c t ca l ibra t ion method i s l abor ious a s it r e q u i ­
r e s many m e a s u r e m e n t s over a per iod of two d a y s . O t h e r m e ­
thods w e r e , t h e r e f o r e , developed to check the sens i t iv i ty of the 
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instrument at any given moment. One of the methods is suitable 
to calibrate the output of the instrument when dry air is used as 
a ca r r i e r gas; the other one can be used when the calibration of 
the output of the instrument is wanted in environmental humid air 
as a ca r r ie r gas. 
In the calibration against an aspiration psychrometer 
a plastic 10 liter bottle is filled with environmental a i r . The wa-
ter content is calculated from the measurement of the humidity by 
the psychrometer. A flow of dried air is directed through the 
thermal conductivity cell according to diagram "zero" (Figure 
II. 5) for one hour. The cup is replaced by the plastic bottle and 
the calibration measurement is started by switching the three-
channel cock to "measure". The output of the thermal conductivi-
ty cell is recorded (Figure II. 11). 
output (mV)-
1 0 1
 , 2 4 ! 
6-
1.04 
m e a s u r e m e a s u r e 
20 40 60 00 100 
t i m e (imin) 
Figure 11.11 
Recording of the thermal conductivity cell water analyzer during 
a calibration against an aspiration psychrometerT with the use of 
environmental humid air , containing 12.6 mg water per liter air, 
from a plastic 10 liter bottle, as described in the text. The con-
tents of the bottle is replaced by a flow of 8.0 ml dried air/min. 
(reprinted from the J. appi. Physiol. 23: 994-997, 1967) 
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All measurements using dr ied a i r (0 .5 mg wate r pe r 1 
a i r ) a s a r e f e r e n c e gas take some 10 minutes before a s teady 
s ta te has been r e a c h e d . As the wa te r concent ra t ion of the con-
tents of the p las t ic bott le d e c r e a s e s dur ing the ca l ibra t ion by 
the mixing with dr ied a i r (8 .0 ml /min) , the output of the thermal 
conductivity cel l d e c r e a s e s and the ext rapola ted output at the b e -
ginning of the ca l ibra t ion must be ca lcu la ted , being in F igure I I . 
11 : 9 .24 - 1 .04 = 8 .20 mV. The i n c r e a s e in the wa te r c o n c e n t r a -
tion of the a i r pass ing the thermal conductivity cel l i s known 
from the r ead ings of the a sp i ra t ion psychromete r and the measu -
rements of the wa te r content of d r i ed a i r (analyzed with an e l e c -
t rolyt ic wa te r a n a l y z e r ) , being in F igu re 11.11: 12 .6 - 0 .5 = 
12.1 mg wa te r p e r l i t e r a i r . The sensi t iv i ty of the thermal con-
ductivi ty cel l i s calculated from the r e s u l t s of these m e a s u r e -
men t s , bping, in the example shown in F igu re 11.11: 8 .2 / 12.1 = 
0 .68 mV (l a i r ) (mg water ) 
This ca l ib ra t ion experiment has been c a r r i e d out with a 
flow of d r ied a i r (0 .06 vol .% water ) through the f i rs t compar t -
ment of the thermal conductivity c e l l . The second compartment 
contains environmental humid a i r (1 .5 vol .% w a t e r ) . According 
to C H E R R Y ' s graph (Figure II .9) a measurement c a r r i e d out in 
this way should deviate only 5 $ from that obtained when humid 
a i r (1 .5 VOI.^E wa te r ) a lso flows through the f i r s t compartment . 
Thus the measurement effectively r e p r e s e n t s a ca l ibra t ion in hu-
mid a i r . 
In an e lec t ro ly t i c wa te r ana lyze r the wa te r i s absorbed 
by PpO,- and e lec t ro lyzed by an e l e c t r i c c u r r e n t . The method 
has been applied in the measurement of the w a t e r vapor los s from 
human skin (SPRUIT & MALTEN, 1965). The method can only be 
applied if well d r i ed a i r i s u sed . 
As the w a t e r i s decomposed by the e lec t ro ly t i c wa te r 
ana lyze r and not decomposed by the thermal conductivity ce l l , 
the moistened a i r i s led through the thermal conductivity cel l b e -
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fore it p a s s e s into the e lec t ro ly t i c w a t e r a n a l y z e r . The a i r 
flow is finally measured at the ex i t . 
The output of the thermal conductivity micro cel l JDC 
133, which was used , i s not completely pressure—independent . 
The output i nc r ea sed by 1 'fo when the p r e s s u r e of the a i r was 
i n c r e a s e d by 1 mm Hg. The deviation i s dependent on both con-
s t ruc t ion fac tors and a l so on the way of mounting. The i n c r e a s e 
of the thermal conduct ivi ty , accord ing to the formula of VINES 
& BENNETT (1954), should be 0 .002 % ins tead of 1 % under t h e -
se c i r c u m s t a n c e s . This p r e s s u r e dependency does not d i s tu rb 
normal measurements a s the difference of the p r e s s u r e between 
the f i rs t and the second thermal conductivity ce l l compartment 
i s somewhat l e s s than 0.1 mm Hg. When an indus t r i a l e l e c t r o l y -
tic w a t e r ana lyze r i s mounted in s e r i e s with the thermal conduc-
tivity cel l in a ca l ib ra t ion measurement , however , c a r e should 
be taken that al l valves i nc r ea s ing the a i r p r e s s u r e have been 
removed from the w a t e r a n a l y z e r , a s o the rwise the output of the 
thermal conductivity cel l and i t s effective sens i t iv i ty will be 
changed. 
The w a t e r concentra t ion of the a i r flow must be i n c r e a -
sed only ve ry s l ight ly . This i n c r e a s e i s conveniently obtained 
from a ca l ibra t ion bottle (F igure 11.10) o r from a flow through a 
2 
cup of 2 cm , placed at cadaverous human skin in v i t r o . Recom-
bination of H 2 and 0 2 (see JONES & P E T E R S E N , 1965) did not 
occu r in the e lec t ro ly t i c wa te r a n a l y z e r , a s has been checked 
by varying the flow from 30 to 3 ml /min . 
I I . 3 . 4 C A L I B R A T I O N R E S U L T S 
The sens i t iv i ty of the GOW MAC thermal conductivity 
micro cell JDC 133 which was used in this work was found to be 
ve ry c lose to 0 .69 V (l a i r ) (g wa te r ) accord ing to al l methods 
(see Table I I . B ) . 
51 
Table И. В 
Sens i t iv i ty of a GOW MAC thermal c o n d u c ­
tivity m i c r o c e l l JDC 133, used a s a w a t e r 
a n a l y z e r ; r e s u l t s of some ca l ibra t ion m e ­
t h o d s . 
C a l i b r a t i o n method; 
n o . and method 
a 1 1 D i r e c t ; 
(weight of water) 
a 1 2 D i r e c t ; 
(weight of water) 
a« D i r e c t ; 
(weight of w a t e r ) 
b 1 I n d i r e c t , aga ins t an 
A i r , supplied 
to ins t rument 
d r i e d a i r 
d r i e d a i r 
environmental 
humid a i r 
d r i e d a i r 
e l e c t r o l y t i c w a t e r a n a l y z e r 
b 2 I n d i r e c t , aga inst an 
a s p i r a t i o n p s y c h r o m e t e r 

















































*) 0.67 ; 
0 .70 
0 .68 
Average measurement of 0.61 , c o r r e c t e d by 1 0 fo owing to a 
slow i n c r e a s e of the output of the ins t rument (see second p a r a -
graph of Sec t ion I I . 3 . 4 ) 
The r e s u l t s of the d i r ec t ca l ibra t ion method a- with a p -
plicat ion of environmental humid a i r or ig inal ly seemed to devia te 
12 $ from the o ther r e s u l t s . Though smal l , this difference appea-
r e d conspicuous a s t h r ee determinat ions of the sens i t iv i ty by 
this method a 9 yielded r e spec t ive ly 0 . 6 0 , 0.61 and 0 .62 V ( l a i r ) 
—1 
(g w a t e r ) - . The e r r o r appeared to have been caused by the 
speed with which these measurements had been per formed; the 
r e c o r d i n g was c a r r i e d out in about one minute , but the output i n -
c r e a s e d about 10 % dur ing the next 10 minu tes . 
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As far a s the r e s u l t s as a whole a r e c o n c e r n e d , it is 
c l e a r that the sens i t iv i ty of this thermal conductivity cell is iden­
t ica l whether d r i e d a i r was used, whether the a i r was moistened 
with a small amount of w a t e r 'vapor (0.5 mg w a t e r / h ) , or with a 
l a r g e amount of w a t e r vapor (8 mg w a t e r / h ) . The same r e s u l t s 
w e r e a l so obtained r e g a r d l e s s of whether a d i r e c t method o r an 
ind i rec t ca l ibra t ion method was u s e d . The r e s u l t s obtained with 
a moistening r a t e of 0. 5 mg w a t e r / h ( i n c r e a s e of 0.1 vol . І" wa­
t e r ) (methods n o s . a..
 1 and b..), might be expected to be double 
the r e s u l t s obtained by means of the high moistening r a t e of 8 mg 
w a t e r / h ( i n c r e a s e of about 1.5 vol.^fc water) (methods a 1 « and 
b J , if C H E R R Y ' s graph (Figure II.9) w e r e val id. The r e s u l t s 
c e r t a i n l y do not confirm the measurements of CHERRY (1965) as 
far a s the non- l inear i ty of this thermal conductivity cel l is con­
c e r n e d . 
The sensi t iv i ty of a n o t h e r GOW MAC thermal conduct i­
vity micro cel l JDC 133 a p p e a r e d to be about 20 $ lower than 
the sens i t iv i ty of the one used to obtain the r e s u l t s shown in T a ­
ble I I . B . The sens i t iv i ty of this cel l a l so a p p e a r e d to be s imi la r 
in dry a i r o r in humid a i r . 
I I . 3 . 5 S P E C I F I C I T Y C H E C K 
The thermal conductivity cel l only indicates a change in 
thermal conductivi ty, and hence in the composit ion, of the m i x t u r e . 
C e r t a i n l y , it i s not a specific w a t e r s e n s o r . T h e r e f o r e , it has to 
be verif ied that i t s specificity is sufficient in any p a r t i c u l a r a p p l i ­
ca t ion; in this c a s e the measurement and r e c o r d i n g of the w a t e r 
vapor loss of human skin. 
Measurements using c a d a v e r o u s human skin c a u s e no p r o ­
blems a s far a s the specificity of the measurement of the w a t e r va­
p o r loss is c o n c e r n e d . The skin is placed upon a g r a t i n g , the d e r ­
mis being immersed in a 0 .9 % NaCl solution thermostat ted at 30 
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С". In these c i r c u m s t a n c e s , between the i n t e r i o r and the outs i ­
de of the skin in v i t r o , only a w a t e r concentrat ion difference ex­
i s t s . Hence, the method of the measurement need not be a s p e c i ­
fic o n e . 
When m e a s u r i n g the w a t e r vapor loss of human skin in 
vivo, the cup is merely placed upon the skin of the forearm of a 
v o l u n t e e r . In spite of this simple s i tuat ion, it i s n e v e r t h e l e s s 
more complicated than the in v i tro s i tuat ion, as w a t e r is not the 
only subs tance which diffuses through the skin in vivo. About 
2 
0.1 mg CO_ diffuses from 1 m forearm skin in an hour (BAR-
RATT, 1897: ROTHMAN, 1953). An i n c r e a s e of 0.01 mg C 0 2 
diffusing into 600 ml a i r can be calculated to cause a d e c r e a s e 
of some О.1) c of the output of the thermal conductivity c e l l . 
when using typical forearm skin which is losing 0 .5 mg water 
2 
p e r cm and "--»r h o u r . However, c e r t a i n in ter fe r ing factors r e ­
duce the accr»"icy of this ca lculat ion, for example the formation 
of h y d r a t e s ( C b A U S S E N , 1951: KUNZ, 1952: CHERRY, 1965). 
It is there fore n e c e s s a r y to check the output of the thermal con­
ductivity cell aga inst a specific w a t e r s e n s o r when measur ing 
the water vapor loss of human skin in vivo. An e lec t ro ly t ic wa­
t e r a n a l y z e r can be used as such, in the same way as in the in­
d i r e c t ca l ibrat ion e x p e r i m e n t s . The r e s u l t s r e v e a l e d that the 
measurements of the apparent w a t e r vapor loss by the thermal 
conductWity coll w e r e i n c r e a s e d by 4 to 6 fc b e c a u s e of the ef­
fects of i n t e r f e r i n g v a p o r s . Thi s small deviation has been d e t e r ­
mined by comparing success ive measurements in vivo and measu­
rements in v i t r o . Though small , this deviation r e p r e s e n t s a s y s ­
tematic e r r o r of the measurements of the w a t e r vapor loss in vi­
vo. The deviation can be t o l e r a t e d , however, a s the var ia t ion 
coefficient of measurements of the w a t e r vapor loss of human 
skin in vivo by an e lec t ro ly t ic w a t e r a n a l y z e r has been shown 
to be about 10 ƒ- (SPRUIT & MALTEN, 1965), and the values 
found may be c o r r e c t e d by about 5 %. The same var ia t ion coeffi-
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cient has been found in m vivo measurements using the thermal 
cunductivity ce l l , both with environmental humid a i r and with dry 
a i r . 
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C H A P T E R III 
T H E B A R R I E R T O W A T E R V A P O R 
L O S S 
Summary 
The bar r ie r to water transport is located in the 
horny layer of the skin, the stratum corneum. It can be r e -
moved by "stripping" this horny layer (about 0.02 mm thick) 
with sellotape. The resistance of the stripped skin is about 
0.6 sec/cm and equals the evaporation resistance of albumin 
solutions. 
The resistance of the water ba r r ie r of healthy fo-
rearm skin to water vapor loss is 1 50 - 300 sec/cm and e-
quals the resistance of the water ba r r ie r of forearm skin 
to the transport of water in the liquid phase. It is not influ-
enced by the direction in which the water is being transpor-
ted. 
The evaporation resistance of a layer of n-hexa-
decane has been measured. The n-hexadecane can be used 
as a reference substance, when the evaporation resistance 
of other substances is being investigated. The evaporation 
resistance of white vaseline has been measured (being about 
600 sec/cm per 0.01 mm thick layer) , because it is widely 
used in dermatology as an "occlusive" dressing. The "occlu-
sivity" of vaseline is demonstrated by an experiment on nor-
mal forearm skin. The vaseline probably does not remain 
spread uniformly over the skin surface. The influences of 
this non-uniformity and other interfering factors are discus-
sed. 
Discussions concerning certain subjects of this chapter with dr . F . A . J . TALMAN, 
Brighton School of Pharmacy, College of Technology, have been very valuable to me. 
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III.1 Т Н К L О C A T I O N С) F Τ Η Κ W Λ Τ F, R 
B A R R I E R Ο F T H E S K I N 
The s t ratum corneum o r horny l a y e r i s thought to be 
the most important p a r t of the skin a s far a s i t s r e s i s t a n c e to 
w a t e r loss is c o n c e r n e d . The connexion between the outside 
horny ce l l s of the skin is weak. They a r e continuously shed in 
small p a r t i c l e s in everyday c i r c u m s t a n c e s (GOLDTSCHMIDT & 
KLIGMAN, 1967). They can a l s o be removed by fixing adhes ive 
se l lotape ( e . g . TESA-film n o . 4101) to the skin and removing 
the tape some minutes l a t e r when the adhesion to the skin has 
been r e a l i z e d (the so-ca l led " s t r i p p i n g t e c h n i q u e " ) . At the b e ­
ginning of the s t r ipp ing p r o c e d u r e about four l a y e r s of horny 
c e l l s , the s t ratum corneum dis junctum, a r e removed, being vi­
s ible on the se l lo tape a s an o p a q u e n e s s . Following the s tratum 
corneum dis junctum, the underlying s tratum corneum conjunc-
tum is removed next by one careful s t r ipp ing a s a compact l a y e r 
of about four c e l l s thick. Thi s compact l a y e r of horny ce l l s -
the ins ide horny c e l l s , just above the s t ratum granulosum, the 
" l iv ing" p a r t of the ep idermis - i s often cal led the S Z A K A L L -
l a y e r . By ref ining the s t r ipp ing technique SZAKALL (1957) p r e ­
p a r e d in this way a very r e a l i s t i c biological skin membrane in 
v i t r o . In o r d e r to simplify invest igat ions of the s k i n ' s w a t e r 
b a r r i e r p r o p e r t i e s , o t h e r i n v e s t i g a t o r s have even p r e p a r e d mo­
r e homogeneous membranes from the SZAKALL l a y e r , e . g . c o n ­
s i s t ing of a human epidermal phosphol ipoprote in (CROUNSE, 
1965). 
F o r many y e a r s the SZAKALL l a y e r was thought to be 
the r e a l b a r r i e r of the skin against w a t e r vapor l o s s , e s p e c i a l ­
ly b e c a u s e of a F i g u r e published by BLANK (1952). BLANK him­
self, however , in his P r e s i d e n t i a l A d d r e s s at the 26th Annual 
Meeting of the Soc ie ty for Invest igat ive Dermatology (1965) c r i ­
t ical ly r e m a r k e d that his graph did not r e a l l y prove that the 
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b a r r i e r is located at the S ZAK ALL l a y e r a lone , but most p r o -
bably comprises the en t i re s tratum corneum. Anyhow, as soon 
as the stratum corneum has been removed. - and possibly a 
pa r t of the s tratum granulosum, as an ideal separa t ion is very 
difficult, if not impossible to obtain (JENKINS & T R E S I S E , 
1968) - the whole function of the skin as a wa te r vapor b a r r i e r 
i s los t . This conclusion has been based on the experimental ob -
se rva t ions that: 
1 : the wa te r vapor loss of forearm skin i n c r e a s e s a hundredfold 
after the removal of the en t i re horny l aye r by " s t r i p p i n g " , 
2: the water vapor loss i s identical whether e i the r the horny l ay -
e r alone or the en t i re epidermis has been removed, and 
3: the water vapor loss of s t r ipped skin (horny l aye r removed) 
is approximately equal to the wa te r vapor loss from ord ina ry 
wa te r (MONASH & BLANK, 1958; pe r sona l obse rva t ion) . 
III. 2 T H E R E S U L T A N T B A R R I E R O F 
T H E S K I N A F T E R S T R I P P I N G 
T H E H O R N Y L A Y E R 
Formula (3) d e s c r i b e s the re la t ion governing the r e s i s -
tance of a l aye r against t r a n s p o r t . A wa te r b a r r i e r is a membra-
ne pos se s s ing a r e s i s t a n c e agains t wa te r t r a n s p o r t ; t h e r e f o r e , 
r quant i ta tes the water b a r r i e r p r o p e r t i e s . When s e v e r a l mem-
brane l a y e r s a r e located in s e r i e s , i . e . above each o the r , the i r 
r e spec t i ve r e s i s t a n c e s can simply be added together in o r d e r to 
get the resu l t an t r e s i s t a n c e of the total membrane b a r r i e r . 
This p rope r ty has been studied extensively by measu -
r ing the r a t e of evaporat ion of wa te r from wate r su r faces c o v e r -
ed with a monomolecular l a y e r . In these s tudies the evaporat ion 
from a wa te r sur face is compared with the evaporat ion from a 
wa te r surface covered with a monomolecular l aye r under e x a c t -
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ly the same experim 
M / A t 
(compare formula З); A = the a r e a in cm ; С = the concentra t ion 
of w a t e r vapor in equil ibrium with the liquid in g cm ; С = the 
concent ra t ion of w a t e r vapor in equil ibrium with the d e s i c c a n t 
placed above the sur face of the liquid in o r d e r to m e a s u r e the 
evaporat ion r e s i s t a n c e ; t = the time in s e c ; M = the mass of wa­
t e r vapor absorbed by the d e s i c c a n t in g . I n o r d e r to determine 
the r e s i s t a n c e r , two measurements a r e c a r r i e d out . One i s ma­
de at a c lean w a t e r sur face (no-film), and the o t h e r i s made at 
a w a t e r in ter face covered with a monomolecular l a y e r (film). S i ­
mi lar ly the evaporat ion r a t e s from s t r ipped sk in, from normal 
non-s t r ipped sk in, and from normal skin covered with a p r o t e c ­
tive o r occlus ive l a y e r can be s tud ied . The r e s u l t s of these l a t ­
t e r s tudies c a n , t h e r e f o r e , be compared with the s tudies on mo­
n o l a y e r s . 
ARCHER & LAMER (1954) ca lcu la ted the specific r e ­
s i s t a n c e at the sur face of p u r e w a t e r aga ins t evaporat ion of the 
w a t e r to be only 0.0019 s e c / c m . They c o n s i d e r e d that in p r a c t i ­
cal and in exper imenta l c i r c u m s t a n c e s , however , the r e s i s t a n ­
ce of evaporat ion to w a t e r i s c o n s i d e r a b l e , a s inevitably the wa­
t e r vapor has to p a s s an " immobile" l a y e r of s t i l l a i r a f ter e v a ­
p o r a t i o n from the l iquid/gas i n t e r f a c e . The r e s i s t a n c e of such a 
l a y e r i s determined by the diffusion coefficient of w a t e r vapor 
through a i r , D , which is given by: 
log D
w
 = 1.75 log Τ - 4.921 (23) 
a c c o r d i n g to Internat iona l C r i t i c a l T a b l e s , Vol. V, page 62 . 
The r e s u l t i n g r a t e of w a t e r vapor movement h a s been ca lculated 
and is p r e s e n t e d in Table III. A for l a y e r s of s t i l l a i r of 2 and 3 
sntal c o n d i t i o n s . Accordingly: 
film 
( C - Co> 
M / A t no-film 
(22) 
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Table III. A: 
Diffusion (θ) and r e s i s t a n c e against diffusion (r) of w a t e r v a p o r 
from s a t u r a t e d a i r into dry a i r through boundary l a y e r s of 2 and 
3 mm st i l l a i r , ca lculated at 20 С , 25 С and 33 С . 
at 20 0C: 
at 25 0C: 









mg cm h 
-2 .-1 mg cm h 













mm t h i c k n e s s . Evidently the r e s i s t a n c e of such l a y e r s i s much 
more important than the r e s i s t a n c e against evaporat ion from a 
w a t e r sur face of 0.0019 s e c / c m . 
The th ickness of the " immobile" l a y e r above a w a t e r / 
a i r in ter face may be calculated from the r a t e of diffusion of wa­
t e r vapor from the s u r f a c e . Studying the diffusion of w a t e r va­
p o r into s t i l l a i r , and using a t e m p e r a t u r e of 25 С LANGMUIR 
& S C H A E F E R (1943) m e a s u r e d 72 mg c m " 2 h~1 and ARCHER & 
—2 —1 
LA MER (1954) m e a s u r e d 80 mg cm h . T h e s e f igures i n d i c a ­
te an " immobile" l a y e r of about 3 mm t h i c k n e s s . Measurements 
of SEBBA & BRISCOE (1940) of the evaporat ion r a t e of w a t e r 
into an a i r flow of 6 - 40 cm/sec r e s u l t e d in a value of 125 mg 
cm h at 19.5 C, from which an immobile l a y e r of 1 .2 mm 
2 
can be c a l c u l a t e d . Instal l ing our 0 .2 cm sampling cup over a 
w a t e r sur face l a y e r and using an a i r flow of about 3 cm/sec 
(100 ml/min) we m e a s u r e d , applying our e l e c t r o l y t i c w a t e r a n a -
о 1 
l y z e r , an evaporat ion r a t e of 85 mg cm h at 24 С into d r y 
a i r . In these condit ions the immobile l a y e r i s t h e r e f o r e 2 . 3 mm 
th ick . T h e s e values can be compared with the r e s u l t s of m e a s u ­
r e m e n t s of the w a t e r vapor l o s s from s t r i p p e d sk in , applying the 
same i n s t r u m e n t , of about 60 - 100 mg cm h at about 33 C . 
From these values the evaporat ion r e s i s t a n c e of s t r ipped skin 
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is calculated as 2.10 - 1.25 sec/ cm. However, the 2. 3 mm im­
mobile layer of a i r at the surface of the stripped skin caused a 
resistance of 0.85 sec/cm at 33 C. Therefore, the real speci­
fic evaporation resistance of stripped skin to water vapor can 
be estimated 1.25 - 0.4 sec/cm, averaging about 0. 6 sec/cm. 
For the sake of comparison, the maximal value of the specific 
resistance for a bovine serum albumin film is 0.54 sec/cm and 
for pepsin 1 .00 sec/cm (BLANK & MUSSELLWHITE, 1968). 
Stripped skin is always covered with a film of exudate and will 
contain albumin in the superficial watery liquid. As the estima­
ted value of the evaporation resistance of stripped skin is about 
the same value as the evaporation resistance of comparable wa­
tery liquids, the conclusion is strengthened that stripped skin 
has no other b a r r i e r to water vapor loss . 
III.3 T H E R E S I S T A N C E O F T H E W A ­
T E R B A R R I E R O F U N - S T R I P P E D 
S K I N 
The resistance of normal un-stripped skin can be cal­
culated from the amount of water vapor lost from a unit of sur­
face of the skin per unit of time, when the temperature is known. 
Normal values of this water vapor loss, for skin at the volar a s -
-2 -1 pect of the forearm, are between 0.4 and 0.8 mg cm h at a 
typical skin temperature of 33 C. These values correspond to 
a specific resistance against water vapor loss from forearm 
skin of 300 - 1 50 sec/cm respectively. Obviously this res is tan­
ce is located in the entire stratum corneum, as the water vapor 
loss increases gradually when the skin is stripped. The experi­
mental increase correlates well with the theoretical increase 
for a homogeneous mass (BLANK, 1965). 
The rate of permeation of liquid water through forearm 
skin, applying tritiated water (НТО) at the outside of the skin, 
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was found to be 0 .6 mg cm" h~ (DOWNES et a l . , 1967), the 
same value as the wa te r vapor loss from the sk in . The b a r r i e r 
simply p o s s e s s e s a r e s i s t a n c e to the t r anspo r t of wa te r molecu-
les and it is i r r e l e v a n t whether these wa te r molecules a r e p a s s -
ing from the inside to the outside of the skin or vice v e r s a . It i s 
a l so i r r e l e v a n t whether the water is in the liquid o r in the gas 
phase on one o r both s ides of the sk in . The r e s i s t a n c e to wa te r 
los s from normal forearm skin i s not governed by the phenome-
non of evapora t ion , but p r imar i ly by the r e s i s t a n c e or b a r r i e r 
agains t wa te r t r an spo r t of the s t ra tum corneum. 
III. 4 M E A S U R E M E N T O F T H E W A T E R 
B A R R I E R Q F A_ F I L M 
The r e s i s t a n c e of a monomolecular l aye r agains t eva -
pora t ion of wa te r has been measured in s e v e r a l ways (SEBBA & 
BRISCOE, 1940; LANGMUIR & SCHAEFER, 1943; ARCHER & 
L A M E R , 1954; BARNES & L A M E R , 1962). These r e s i s t a n c e s 
a r e of the o r d e r of some sec /cm and a cons iderab le amount of 
w a t e r vapor i s t r anspor t ed a c r o s s the l a y e r . 
The r e s i s t a n c e of skin agains t wa te r vapor loss i s in 
the o r d e r of some hundred s e c / c m . Much l e s s wa te r is t r a n s -
por ted through the skin than is t r anspor t ed through monomolecu-
l a r l a y e r s ; there fore a sens i t ive method of measurement such 
as an e lec t ro ly t i c wa te r ana lyze r must be used (van G A S S E L T 
& VIERHOUT, 1963; SPRUIT & MALTEN, 1966). 
The r e s i s t a n c e of l a y e r s of subs tances which have an 
occlus ive effect on the skin is of the o r d e r of some thousand 
s e c / c m . The specific r e s i s t a n c e of such subs tances is p r e f e r a -
bly measured by the same appara tus which is used in the measu -
rement of the wa te r vapor loss of the skin i tself . Such a m e a s u -
rement can be c a r r i e d out by applying the e lec t ro ly t i c wa te r a n -
a l y z e r mentioned b e f o r e . 
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Table III. В: 
Water diffusion coefficients (υ) and solubi l i t ies (S) of n-hexa­
d e c a n e , and the r e s i s t a n c e of a 0.1 mm thick l a y e r of n-hexa­
d e c a n e against evaporat ion of w a t e r from the s u r f a c e . N o s . 1 
- 5 w e r e calculated from data by SCHATZBERG (1965); no. 6 
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values published by SCHATZBERG (1965) 
The s a t u r a t e d hydrocarbon n - h e x a d e c a n e , which is 
commercial ly avai lable in a highly purif ied g r a d e b e c a u s e it i s 
applied in the c a l i b r a t i o n of gas c h r o m a t o g r a p h s , i s very u s e ­
ful in the c a l i b r a t i o n of the e l e c t r o l y t i c w a t e r a n a l y z e r when 
m e a s u r i n g the r e s i s t a n c e of l a y e r s of s u b s t a n c e s against w a t e r 
e v a p o r a t i o n . The diffusion of w a t e r through n-hexadecane has 
been studied by SCHATZBERG (1965) at v a r i o u s t e m p e r a t u r e s 
and his f igures allow the r e s i s t a n c e of l a y e r s of n-hexadecane 
aga ins t evapora t ion of w a t e r to be c a l c u l a t e d . A 0 .2 mm l a y e r 
of n-hexadecane has the same r e s i s t a n c e a s forearm skin against 
w a t e r vapor l o s s . This r e s i s t a n c e was shown to be only s l ight­
ly dependent on the t e m p e r a t u r e (Table Ш . В ) . Formulae ( l ) , (2), 
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(З), and (6) a r e r e f e r r e d as bas ic formulae in the ca lcu la t ion. 
In the measurement of the evaporat ion of w a t e r through 
a film of any s u b s t a n c e , a l a y e r of 2 to 5 mm is optimal. 
SCHATZBERG (1965) est imated the d e c r e a s e of the weight of a 
b e a k e r , containing some w a t e r covered by a film of the i n v e s t i ­
gated s u b s t a n c e . The surrounding a i r was maintained anhydrous 
with MgCIO . . A r e c o r d i n g microbalance was used by S C H A T Z ­
BERG. 
In our m e a s u r e m e n t s , a wash bottle was used; the i n ­
t e r n a l d iameter and hence the d iameter of the film of invest iga-
2 
ted subs tance was 15.9 cm . Dried a i r o r d r y ni t rogen is led 
through a tube into the wash bottle at a height of about 1 cm a-
bove the sur face of the invest igated s u b s t a n c e , applying a flow 
of about 100 ml a i r p e r minute. The w a t e r vapor pass ing from 
the liquid phase through the l a y e r of subs tance cover ing the wa­
t e r is c a r r i e d by the a i r o r ni t rogen to the e l e c t r o l y t i c w a t e r 
a n a l y z e r and est imated by this i n s t r u m e n t . An equilibrium s ta te 
is obtained af ter some h o u r s . The equilibrium s ta te obtained in 
a blank measurement i s s u b t r a c t e d . The w a t e r loss from a 5.2 
mm l a y e r of n-hexadecane at the w a t e r sur face at 22 .2 С (no. 
— 2 — 1 6 of Table Ш . В ) , was found to be 0.80 mg c m - h . From this 
figure the r e s i s t a n c e of a 0.1 mm thick l a y e r of n-hexadecane is 
ca lculated to be 133.5 s e c / c m ; this is in very good a c c o r d a n c e 
with S C H A T Z B E R G ' s v a l u e s , e spec ia l ly b e c a u s e the a c c u r a c y 
of the e l e c t r o l y t i c w a t e r a n a l y z e r is s tated by the manufacturer 
to be only 5 "fo. 
White vase l ine has been examined by BAKER (1 968) a s 
an occlusive ointment b a s e . It i s cal led white vase l ine o r v a s e -
linum album in the S w i s s and Dutch p h a r m a c o p o e i a s , soft white 
paraffin o r paraffinum molle album in the B r i t i s h pharmacopoeia , 
white petrolatum o r petrolatum album in the United S t a t e s p h a r ­
macopoeia . It i s an unctuous, t r a n s p a r e n t m a t e r i a l with a melt­
ing point between 40 and 50 C , widely used in dermatology. It 
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i s der ived from a r e s i d u a l fraction in petroleum d i s t i l l a t ion . 
The r e s i s t a n c e of white vase l ine has been m e a s u r e d in the same 
way a s the r e s i s t a n c e of n - h e x a d e c a n e , using a 2.7 mm l a y e r . 
The r e s i s t a n c e of a 0.1 mm thick l a y e r of white vase l ine a p p e a ­
red to be 8300 sec/cm at 23 С and 6000 sec/cm at 33 C , a s 
has been mentioned by S P R U I T dur ing the d i s c u s s i o n of BAKER's 
p a p e r at the Symposium on Skin at E a s t b o u r n e (1968). 
III. 5 I N F L U E N С E О F A F I L M О N T H E 
W A T E R B A R R I E R O F T H E S K I N 
The th ickness of a l a y e r of liquid on the skin can e a s i ­
ly be determined by weighing the amount of liquid applied to the 
skin by penci l l ing . It i s about 0 .02 mm thick when n-hexadecane 
is applied until the skin i s g l i t t e r i n g . 
When white vase l ine i s applied l ibera l ly ( t h e r a p e u t i c a l ­
ly), a 0 . 3 mm thick l a y e r i s obta ined. If such a l a y e r i s left on 
for 1 5 minutes and then s c r a p e d off the s t r e t c h e d sur face with 
the flat s ide of a wooden spatu la , it leaves a g l i t ter ing film on 
the s k i n ' s s u r f a c e : the th ickness of this film is a maximum of 
0.05 mm for healthy skin on the f o r e a r m . The maximum thick­
n e s s of the l a v e r has been calculated from the weight of the va-
2 
se l ine applied to 5 χ 1 0 cm skin; it i s not poss ib le to ca lcu la te 
the p r e c i s e th ickness because a c e r t a i n amount of s p r e a d i n g o c ­
c u r s dur ing the 15 minutes in terva l before the e x c e s s i s r e m o ­
ved. 
As an example, some measurements of the w a t e r vapor 
l o s s of forearm skin obtained before and af ter the appl icat ion of 
white vase l ine in this way have been summarized in Table I I I . C . 
2 
The l a y e r of vase l ine was or ig inal ly applied over 5 x 1 0 cm skin, 
but it had s p r e a d over a l a r g e r a r e a dur ing the f i rs t 1 5 minutes 
- p e r h a p s about 8 x 1 3 (about 100) cm - and the final thick­
n e s s of the film was probably about 0 .03 mm. The r e s i s t a n c e 
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Table I I I . С : 
The w a t e r vapor loss of 
forearm skin in vivo b e ­
fore and af ter a p p l i c a ­
tion of white vase l ine a s 
d e s c r i b e d in the text . 
1 ; before appl icat ion: 
2: at the end of 1 5 min 
t h e r a p e u t i c a l appl ica­
tion and s c r a p i n g off 
e x c e s s vase l ine by a 
wooden spatula : 
3: 45 minutes a f t e r w a r d s : 
4: one hour a f ter 3: 
5: one hour a f ter 4: 
6: following sweating and 




























































































































4 .0 χ 
4.2 χ 
2.2 χ 
against w a t e r vapor loss was i n c r e a s e d by the applicat ion by 
2090 s e c / c m . Such a r e s i s t a n c e , in fact, c o r r e s p o n d s to an 
0.035 mm thick l a y e r of white v a s e l i n e , a s the r e s i s t a n c e of the 
vase l ine alone i s 600 sec/cm p e r 0.01 mm. 
The vase l ine covered skin does not maintain this high 
r e s i s t a n c e for long. The r e s i s t a n c e soon d e c r e a s e s i r r e g u l a r l y 
until a value of about 800 sec/cm has been r e a c h e d and it r e m a i n s 
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at this value for some h o u r s . Sweat ing may d e c r e a s e the r e s i s -
tance against wa te r vapor loss s t i l l m o r e , but the r e s i s t a n c e 
neve r the l e s s remains more than the or iginal value of the naked 
sk in . An occlusion of the skin has been obtained for some d a y s . 
Vasel ine will spread over the surface of the skin and 
sweat ing will faci l i tate this sp read ing . It can , t h e r e f o r e , be 
supposed that the above r e s i s t a n c e has d e c r e a s e d because of 
such spread ing phenomena. The r e su l t an t r e s i s t a n c e of the v a -
sel ine covered skin i s , however , a lso influenced by ce r t a in o-
ther f a c t o r s , which will be d i scussed in the next p a r a g r a p h s . 
The sur face of the skin is not completely flat (JENKINS 
& T R E S I S E , 1968); it contains g r o o v e s , even when it i s s t r e t -
ched . The film of vase l ine cover ing the skin wi l l , af ter some 
t ime, acqu i re a va r iab le th i ckness , which is schematical ly r e -
p re sen ted in F igure III.1 . An i n c r e a s e d th ickness at one s i te at 
the cost of a d e c r e a s e d th ickness at another s i te d e c r e a s e s the 
actual situation 
Figure III.1 : 
The vaseline layer covering the skin surface in measurements 3 
et seq. (Table III.C) is supposed to have become non-uniform in 
thickness. Some time after scraping off the excess vaseline, the 
layer becomes reduced over part of the test area so that the r e -
sistance to water transport is essentially that of almost uncover-
ed skin (r_) while at other parts of the test area the resistance 
to water transport is increased ( r 1 ) t as schematically represen-
ted in the model. 
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total r e s i s t a n c e r . The r e s u l t a n t r e s i s t a n c e r i s dependent on 
the two p a r a l l e l r e s i s t a n c e s r 1 and r - a s : 
1/r = 1/r., + l / r 2 (24) 
If we simplify in the f irst ins tance that a p a r t of the skin, A, is 
covered by the v a s e l i n e , and a n o t h e r p a r t , 1-A, is u n c o v e r e d , 
and the th ickness of the or ig inal vase l ine l a y e r following on 
s c r a p i n g is known, the r e s i s t a n c e s r 1 , r - and r can be c a l c u l a ­
ted. It has a l r e a d y been mentioned that this th ickness i s known 
very roughly, and t h e r e f o r e it may be r e p r e s e n t e d by the num­
b e r of 0.01 mm thick l a y e r s of v a s e l i n e , n, or ig inal ly p r e s e n t . 
The r e s i s t a n c e of one l a y e r of 0.01 mm vase l ine to w a t e r t r a n s ­
p o r t i s 600 s e c / c m . The r e s i s t a n c e of a vase l ine l a y e r of 0.01 
η mm thick i s t h e r e f o r e 600 η s e c / c m . The r e s i s t a n c e of human 
forearm skin, mentioned in Table I I I . C , is 210 s e c / c m . On the 
b a s i s of the measurements of Table III .C follows a s an example: 
210 600 η 
r 1 = + ρ— sec/cm (25) 
1
 A A 
and: 
210 
Гр = sec/cm (26) 
 
F o r m u l a e (24), (25), and (26) r e s u l t in: 
210 A + 600 η 
r = 
A - 2.86 η A + 2.86 η 
sec/cm (27) 
The r e s i s t a n c e s of original ly 0 .03 mm and 0.06 mm thick l a y e r s 
of vase l ine have been calculated for var ious values of A (the 
fract ion of skin c o v e r e d with v a s e l i n e ) , see Table I I I . D . A c c o r ­
ding to the r e s u l t s of Table I I I . C , the r e s u l t a n t r e s i s t a n c e of 
the vase l ine covered skin was or ig inal ly about 2300 sec/cm and 
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Table I I I . D ; 
Comparison of r e s u l t a n t r e s i s t a n c e s of skin, covered by o r i g i ­
nally 0 .03 and 0.06 mm thick vase l ine l a y e r s , calculated in con­
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fell to about 800 s e c / c m . According to Table III .D this final fi­
gure t h e r e f o r e suggests that 80 % of the skin r e m a i n s covered 
by vase l ine and 20 fé is devoid of vase l ine accord ing to the mo-
del of F igure I I I . 1 . It i s not important whether the l aye r of v a -
se l ine was or ig ina l !у 0 ,03 mm o r 0 .06 mm thick; the difference 
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between the r e s u l t a n t r e s i s t a n c e s is only about 13 %. 
The simplifying assumption of the model of F i g u r e III . 
1 , that in s c r a p i n g off e x c e s s vase l ine from the skin, the l a y e r 
of vase l ine i s so reduced over some p a r t s of the tes t a r e a that 
no vase l ine i s left at this s i t e , i s cer ta in ly not t r u e , a s the 
skin i s left g l i t ter ing af ter the s c r a p i n g . At s i te no. 2 the thick­
n e s s of the vase l ine l a y e r will not be reduced to z e r o but to s o ­
me low value h. The r e s i s t a n c e at that p a r t of the skin is not 
that of the uncovered skin (r_ of formula 23 and Table I I I . D ) , 
but to an intermediate va lue, which can be calculated s imi lar ly . 
The r e s u l t s of such c a l c u l a t i o n s , assuming that h i s 0.0003 mm, 
0.003 mm, 0.01 mm, 0.02 mm and the or ig inal 0 .03 mm (that i s 
1 9?, 10 #>, 33 fo, 67 fo, and 100 % of the or ig inal th ickness of 
the l a y e r , r e s p e c t i v e l y ) , a r e r e p r e s e n t e d in F i g u r e I I I . 2 . E v i ­
dently the p r e s e n c e of a thin film of vase l ine ( e . g . about 1 "й of 
the or ig inal th ickness) does not appreciably change the r e s u l t s 
shown in Table III.D and F i g u r e III. 2. Even if 40 % of the skin 
sur face i s assumed to be covered by a 0.003 mm thick l a y e r of 
vase l ine (10 %) and 60 % by a t h i c k e r l a y e r , the r e s u l t a n t r e s i s ­
tance of the vase l ine covered skin is s t i l l r educed to about 800 
s e c / c m . T h e s e ca lcula t ions make it p lausible that the factor of 
non-uniform th ickness of the vase l ine l a y e r on the skin has cau­
sed the d e c r e a s e in r e s i s t a n c e to w a t e r vapor l o s s to some 800 
s e c / c m . 
The thickness of the horny l a y e r of the skin of the fo­
r e a r m is about 0 .02 - 0 .03 mm. It seems improbable that the 
mean th ickness of the vasel ine l a y e r at s i t e s n o . 1 of the skin 
will be i n c r e a s e d by more than 0 . 0 3 mm. T h e s e not very p r o b a ­
ble s i tuat ions a r e covered by the darkened a r e a of F igure I I I . 2 . 
Sweat gland duct openings will probably soon lose 
most of the vase l ine film, a s this film will be removed by the 
sweat ing p r o c e s s . It must a lso be remembered that sebum ducts 
terminate n e a r sweat gland duct openings and that the vase l ine 
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covered with v a s e l i n e ( s e c / c m ) 
2 500 η 
fraction of the skin covered to a high degree with vaseline 
Figure III. 2: 
Calculated r e s i s t a n c e to water transport of forearm skin covered 
with vase l ine (example from Table III.C) in the c a s e of a non-uni­
form vase l ine film. The curve h - 0 mm c o r r e s p o n d s to the va lues 
of column 4 of Table III.D with th ickness 0 . 0 3 mm. The th ickness 
indicated by ji i s that of the thin part of the vase l ine layer ( s e e 
l· igure I I I . l ) . The shaded area indicates the s ituations in which 
the thickest part of the vase l ine layer on the skin has been in­
c r e a s e d by more than 0 . 0 3 mm. 
will soon be mixed with sebum and in this way become less r e ­
sistant to water transport. The question ar i ses as to whether 
such processes at the sweat duct openings may contribute to the 
decrease of the resistance of the skin to water transport. Sweat 
gland duct openings take up a space of about 1 $ of the surface 
area of the forearm skin, so that a fraction A = 0.99 remains 
covered with a thick film of vaseline and only a fraction 0.01 
may be devoid of vaseline. According to Figure III .2, the influ-
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enee of such small f ract ions a p p e a r s to be of minor i m p o r t a n c e , 
even supposing the complete removal of vase l ine from the sweat 
duct openings (h = 0 ) . 
The vase l ine will be mixed with o ther s u b s t a n c e s of the 
skin sur face and i t s specific r e s i s t a n c e will be d e c r e a s e d . 
SCHATZBERG (1965) r e m a r k s that an addition of u n s a t u r a t e d 
groups to a s a t u r a t e d hydrocarbon c a u s e s an i n c r e a s e d solubi l i­
ty of water in the m a t e r i a l . Because of this i n c r e a s e d solubility 
coefficient the permeabi l i ty coefficient will a l so be i n c r e a s e d , 
and the r e s i s t a n c e against w a t e r t r a n s p o r t d e c r e a s e d . ARCHER 
& LA MER (1954) found the specific r e s i s t a n c e of a monomolecu-
l a r l a y e r of pure nonadecanoic acid d e c r e a s e d to 83 C^ of i ts o r i ­
ginal value by inclusion of 0.01 rfo foreign molecules and d e c r e a ­
sed to only 5 Іо of i t s or ig inal value by inclusion of 1 rfo foreign 
m o l e c u l e s . 
From a d e r m a t o l o g i s t s ' viewpoint, it i s only important 
to know the r e s u l t of the applicat ion a t t a i n e d , which will vary 
for each individual sk in. The term "occ lus iv i ty" has been p r o p o ­
sed by BAKER (1968) and was only evaluated by him in te rms of 
" p a r t i a l occlus iv i ty" and "complete o c c l u s i v i t y " . Quantitatively 
this occlusivity can be evaluated a s the " r e l a t i v e b a r r i e r r e s i s -
" t a n c e " a s has been done in Table I I I . C , las t column. A " p a r t i a l 
"occ lus iv i ty" c o r r e s p o n d s with a "2 x" and a "complete o c c l u s i -
"vi ty" c o r r e s p o n d s with a "4 x" re la t ive b a r r i e r r e s i s t a n c e . 
III . 6 S O M E C H A R A C T E R I S T I C S O F T H E 
E P I D E R M A L W A T E R B A R R I E R 
The human skin is a very la rge o r g a n . Its detai led com­
posit ion and function a r e not the same al l over the body. Impor­
tant di f ferences e x i s t , for example, between the skin of the fore­
arm and the skin of the palm of the hand, the l a t t e r being about 
ten times a s thick a s the former, having about ten times a s many 
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sweat glands p e r unit a r e a and an insens ib le w a t e r vapor loss 
about seven times as high (BURCH & WINSOR, 1946; KUNO, 
1956; SPRUIT & MALTEN, 1965; see a l so : van KOOTEN & MA-
LI , 1966; SCHEUPLEIN, 1966). T h e r e a r e , however , a lso d i s -
tinct dif ferences in wa te r vapor los s which cannot be r e l a t ed to 
s t r u c t u r a l or his tological ly vis ible d i f f e rences . Although h i s t o -
logical ly no difference can be seen between the skin of the s c r o -
tum and the skin of the abdomen (equally thick stratum corneum 
and s imi lar ly s t r u c t u r e d , a s seen by haematoxyl in-eosin s ta in ing) , 
the re a r e marked dif ferences in wa te r permeat ion . The w a t e r v a -
por loss of s c ro t a l skin is 2 - 20 times as high as the wa te r va -
por loss of abdominal skin (SMITH et a l . , 1961). 
A l a y e r of l ipids i s p r e s e n t around each ke ra t in fibre of 
the s tratum corneum (SWANBECK & THYRESSON, 1962). The 
c h a r a c t e r and the amount of these l ipids influences the wa te r va -
po r loss (MALI, 1956; ONKEN & MEYER, 1963; BLANK et a l . , 
1967). They can be a l t e red for va r ious r e a s o n s ; some of them 
may be mentioned. The chemical sa tura t ion of l ipids can vary 
when the t empera ture of the environment i s changed, causing a 
change of the solubil i ty a n d / o r of the phase (RING, 1965). The 
phase can a l so be changed from o i l - i n - w a t e r into w a t e r - i n - o i l by 
an addition of Ca - i o n s , as for example is observed in plasma 
(CERBÓN, 1965; HAGLUND & L 0 V T R U P , 1966). 
Biological membranes a r e thought to be composed of 
one o r more monomolecular l a y e r s , usual ly bimolecular l a y e r s . 
The r e s i s t a n c e agains t wa te r t r an spo r t of a continuous synthet ic 
phospholipid b imolecular l aye r (about 50 A thick) has been e s t i -
mated by VREEMAN (1966) a s being 0 .005 s e c / c m , so that a 0 .2 
mm thick l a y e r at 33 С will have a r e s i s t a n c e of about 200 sec / 
cm. The horny l a y e r of the forearm skin has about the same r e ­
s i s t a n c e against w a t e r t r a n s p o r t , but i s only about 0.02 mm thick. 
According to one of the proposed models of such biological bimo­
l e c u l a r l a y e r s , " s t a t i s t i c a l " p o r e s a r e p r e s e n t , through which 
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p o r e s m a t e r i a l can be t r a n s p o r t e d . KOEFOED-JOHNSEN & U S -
SING (І95З) have remarked that an a v e r a g e d iameter of the pore 
of 20 A i s sufficiently l a rge to let w a t e r p a s s in c l u s t e r s of wa­
t e r molecules , as it moves in w a t e r itself (self-diffusion). The 
energy for act ivat ion of the w a t e r permeat ion can be r e d u c e d by 
widening the p o r e s or " c h a n n e l s " . HAYS & LEAF (1962) widened 
the p o r e s of frog skin membrane hormonally and found a 5.7 
Kcal/mole reduct ion in the act ivat ion e n e r g y . S C H E U P L E I N 
(1966) m e a s u r e d the permeat ion of water through human skin (P) 
at var ious t e m p e r a t u r e s and found the following r e l a t i o n : 
Ρ = 10.5 e - 6 - 0 / R T





7 / R T (28) 
This indicates that there a r e two individual e n e r g i e s of a c t i v a t i ­
on for permeat ion (6 .0 and 19.7 Kcal/mole) . He concluded that 
two different pathways a r e located in p a r a l l e l in the human sk in . 
P o r e diffusion - through p a r t i a l openings such a s i n t e r c e l l u l a r 
s p a c e s and appendages which occupy a small f ract ion (f = 10 ) 
of the stratum corneum membrane - is dominant at low t e m p e r a ­
t u r e s , but i n c r e a s e s only slowly with t e m p e r a t u r e owing to the 
small act ivat ion energy of 6.0 Kcal/mole . Bulk diffusion - to be 
i n t e r p r e t e d a s w a t e r t r a n s p o r t through the "immobilized" w a t e r 
contained within the membrane itself - rapidly becomes domi­
nant at h igher t e m p e r a t u r e s owing to the l a r g e r t e m p e r a t u r e c o ­
efficient of 19.7 Kcal/mole. At room t e m p e r a t u r e s the flux via 
both mechanisms is approximately equal , accord ing to S C H E U ­
PLEIN (1966). He mentions that hydrat ion of the k e r a t i n filaments 
will influence the phenomena. 
In g e n e r a l the epidermal cel l s can be c lass i f ied into at 
l e a s t t h r e e major g roups : a) the ce l l s producing the "soft" k e r a ­
tin of the s tratum corneum, b) the ce l l s producing the " h a r d " k e ­
r a t i n of the h a i r , c) the ce l l s producing the fatty sebum of the s e ­
baceous g lands . In normal s i tuat ions these ce l l s e i t h e r undergo 
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mitosis or produce their typical products, but in abnormal situ-
ations they are found to be interchangeable. After destruction of 
the skin surface any of these epidermal cells may contribute 
cells towards the formation of a new and entirely typical surface 
epidermis. It can, therefore, be doubted whether the quality of 
the product remains optimal after an emergency regeneration 
(SPRUIT & MALTEN, 1965, 1966, 1968; SPRUIT & GOVAERT, 
1968). A direct relation of the skin permeability to the mitotic 
rate has not been demonstrated (SPRUIT, 1965). However, the 
epidermal chalone which regulates the mitotic r a t e , is water so-
luble - and its more active adrenaline complex too - and it 
can easily be extracted when the epidermis is macerated (BUL-
LOUGH, 1965). The rate of chalone production within the epi-
dermis, its diffusion through the epidermis and its ultimate de-
gradation or elimination normally exist in a steady state of ba-
lance which is easily disturbed by removal of the chalone by wa-
ter extraction. Extraction of the skin with water, other solvents, 
or the removal of the horny layer, will therefore automatically 
result in an increased mitosis, and this will occur especially in 
the summer when the skin is macerated by sweat. Moreover, the 
extraction of water-soluble substances from the skin increases 
its water permeability by changing its structural characteristics 
(water content) (HEERD & OPPERMANN, 1966; JACOBI, 1967; 
LADEN & SPITZER, 1967). It could reasonably be supposed 
therefore, that insufficient protective functioning of the skin will 
be correlated with an increased mitosis, although the reverse of 
this thesis is not necessarily t rue. 
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C H A P T E R IV 
I N F L U E N C E O F T H E H U M I D I T Y O F 
A I R 
Summary 
The water vapor loss of human skin decreases as 
the environmental air becomes more humid. This decrease is 
less than could be expected from FICK's law of diffusion 
through membranes, because the skin 's permeability increa-
ses as the ambient humidity increases . These factors have 
been followed quantitatively by measurements on a piece of 
cadaverous human skin of the back. The results are r ep re -
sented graphically; they showed that the permeability of skin 
in vitro was 10 - 20 % higher in ambient humid air than in dry 
a i r . The influence of the variations of temperature and re la -
tive humidity likely to be encountered in the temperate clima-
te of the Netherlands are considered. 
An in vivo investigation was also carried out. The 
permeability of the skin of the forearm was measured in both 
ambient humid and dry a i r , at frequent intervals during a 2 
weeks period. The water permeability in environmental humid 
air was again shown to be about 1 0 - 20 'fo higher than the per-
meability in dry a i r . 
When the skin is sweating and shortly afterwards, 
the humidity of the micro-climate near the skin surface is in-
creased as compared to the non-sweating steady-state situa-
tion. Following sweating, about half an hour is needed to r e -
Some parts of this chapter have been published in Dermatologica (Basel) 138: 292-294 
and 418-426 (1969). 
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gain equilibrium. This phenomenon has been demonstrated 
using the thermal conductivity cell. The amount of water lost 
during this process has been calculated; it appears that the 
skin can store 50 - 100 μg water per cm in this way. 
IV. 1 A B S O R P T I O N A N D D E S O R P T I O N 
O F W A T E R F R O M T H E H O R N Y 
L A Y E R 
The measurement of the water vapor loss of the skin 
has always been accompanied by many precautionary measures, 
such as equilibrating for at least one hour, measuring at a fixed 
time of the day and at a fixed, comfortable temperature of the 
room, avoidance of previous exposure to water, avoidance of 
previous sweating and avoidance of previous strenuous physical 
activities, e t c . . Such precautionary measures reduce the scat­
ter of the measurements of water vapor loss, but do not elimina­
te it (SPRUIT & MALTEN, 1965). As it is now possible to take 
an almost instantaneous measurement at any degree of humidity 
of the surrounding air (SPRUIT, 1967; this dissertation, Chap­
ter II), the question ar ises as to what degree the water permea­
bility of the skin is influenced by the water content of its horny 
layer, and by the ambient circumstances influencing the water 
content of the horny layer. Variations of the water content of the 
skin 's water b a r r i e r layer, the horny layer, correlate to some 
extent with variations of the water permeability. A formula des­
cribing the interdependence of the permeability and the water 
content of a keratin membrane has been given by KING (1945) and 
has been presented in Chapter I (formula 21). We will not, how­
ever, use this formula, especially as the factor d(A - X)/dA may 
hinder practical application and interpretation, and prefer the 
graphical way of presentation and interpretation. 
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The absorpt ion isotherm of the horny l a y e r of the skin 
of the trunk is shown in F i g u r e IV. 1 . It i s evident from this a b ­
sorpt ion i sotherm that the w a t e r content of the horny l a y e r at a 
fixed humidity of the a i r , e . g . a % RH, may be £ $ o r C£ ?£, d e ­
pending on the way in which the humidity was r e a c h e d . If the hu­
midity of a ^ RH has been r e a c h e d by an i n c r e a s e of a lower hu­
midity of the a i r , the value of ^ % w a t e r content will be r e l e v a n t ; 
if the humidity of a ^ RH has been r e a c h e d by a d e c r e a s e of a h i­
gher humidity of the a i r , the value of £ % w a t e r content will be 
r e l e v a n t . Real izat ion of any value of the w a t e r content between 
ρ 'fo and q^fo a.t a'fc RH of the a i r is thus p o s s i b l e . F i g u r e IV. 1 
r e p r e s e n t s the locus of al l poss ib le values of the w a t e r content 
of the horny l a y e r at v a r i o u s d e g r e e s of humidity of the a i r , the 
locus being not only both l ines of the absorpt ion i sotherm but a l ­
so the complete a r e a between these l i n e s . This behavior i s s imi­
l a r to h y s t e r e s i s phenomena. 
Water content (%d.w) 
180 η 
Figure IV.1 : 
Absorption isotherm for the horny layer of the epidermis of the 
trunk at 20 0C ( s e e MALI, 1956). At a re lat ive humidity of the 
air of a $ the water content of the horny layer may be between 
the limits of £ £ and % fc. 
(reprinted from Dermatologica 138: 418-426, 1969) 
Most synthetic membranes tend to a b s o r b w a t e r , and 
t h e i r w a t e r permeabi l i ty has been studied extensively (see MOLL, 
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1964). The w a t e r permeabi l i ty has been found to vary with the 
w a t e r content of the membrane. As the w a t e r content of the mem­
b r a n e i s r e l a t e d to the humidity of the s u r r o u n d i n g a tmosphere 
accord ing to the h y s t e r e s i s phenomenon ( F i g u r e IV. l ) , it can be 
p r e d i c t e d that the w a t e r permeabi l i ty through the membrane will 
vary with the humidity of the a tmosphere in much the same way. 
It can thus be pred ic ted that the observed value of the w a t e r p e r ­
meability will f luctuate between two ext reme v a l u e s , l a rge ly d e ­
pendent on the way in which the environmental humidity has chang­
e d . KING (I945) c a r r i e d out exper iments on 0.05 mm synthetic 
k e r a t i n membrane, which showed that the w a t e r content of the 
membrane and i ts w a t e r permeabi l i ty w e r e r e l a t e d in a c c o r d a n c e 
with the h y s t e r e s i s phenomenon. Subsequent ly a g r e a t deal of 
work has been c a r r i e d out by o t h e r w o r k e r s (GAUL & UNDER­
WOOD, 1952; F L E S C H & ESODA, 1957; P E I S S et a l . , 1956; 
HALE et a l . , 1958; B U E T T N E R , 1959; BUETTNER & HOLMES, 
1959; HOLZMANN et a l . , 1961 ; HEERD & OHARA, 1962; CHER-
NOSKY, 1962; S H E L L E Y & RAWNSLEY, 1964; HEERD & O P -
PERMANN, 1966; B E T T L E Y & G R I C E , 1967; JACOBI, 1967; 
GRICE et a l . , 1968). 
In o r d e r to invest igate whether a s imi la r r e l a t i o n might 
exis t between the w a t e r permeabi l i ty of human skin and the humi­
dity of the environmental a i r and to what extent such a r e l a t i o n 
might influence the actua l w a t e r vapor l o s s of the skin, the w a t e r 
vapor l o s s of c a d a v e r o u s human skin of the back has been m e a s u ­
r e d at v a r i o u s ambient humidi t ies . 
IV.2 W A T E R P E R M E A B I L I T Y O F T H E 
S K I N I N V A R Y I N G A I R H U M I D -
I Τ Y 
In this experiment a p iece of c a d a v e r o u s human skin of 
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the back was placed upon a metal screen - dermal side down­
ward - and was immersed in a physiologic salt solution at a 
constant temperature of 30 С. A 2 cm cup was placed upon the 
epidermal side of the skin (see Figure Π.7), and a flow of 10 ml 
air per minute was passed through the cup. The amount of water 
taken up by the air from the skin was recorded by a thermal con­
ductivity measuring apparatus (Figure II. 5). This method allow­
ed measurements of the water vapor loss to be performed at any 
humidity of the a i r , either the environmental humid air or air 
previously dried by silica gel (see Chapter II). 
The humidity of the ambient a i r , running over the skin, 
was changed several times and each time a ser ies of determina­
tions of the water vapor loss was carried out. Between changes 
of the humidity of the a i r , the skin was exposed to dry a i r , and 
the water vapor loss in dry air was determined as a control (see 
Table IV. A). During the four days of the experiment the water 
vapor loss using dried air was measured 5 times in total; this 
-2 -1 
value remained constant at 0.50 mg cm h . The procedure 
and the results are represented in Table IV. A and also by Figu­
re IV. 2. 
According to FICK's law of diffusion it is evident that 
no water can evaporate into saturated a i r . Water will evaporate 
quite easily into completely dry a i r , however: in such circum­
stances the skin membrane will lose water vapor rapidly. In our 
2 piece of cadaverous skin 0.50 mg water evaporated per cm skin 
and per hour into nearly dry air (1.5 /^  relative humidity). If the 
skin were an ideal membrane, and if its water content and hence 
ils permeability did not change in varying ambient humidities, all 
values of the water vapor loss of the skin between extremely dry 
and completely saturated air humidities would be found upon the 
skew straight line of Figure IV,2 between the origin and the 
point (0.50 mg cm" h~ , 0 fo RH). This would indicate that the 
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0 . 3 8 
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0.23 
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0.43 
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0 . 4 4 
0 . 5 0 
0 . 3 8 
0.41 
0.35 
0 . 3 9 






.2 S -t-» nJ
.5 © 
0 . 3 
2.5 
1.9 
3 . 7 
5.3 
2.8 
8 . 7 ; 
- *) 
7 . 4 
5.8 
6 . 0 
7 . 7 
1,9 
4 . 0 
8 .9 
2.8 
8 . 9 
6.1 
10.5 ; 
Table IV. Λ: 
Water vapor loss of a piece 
of cadaverous human skin 
of the back, at various de­
grees of a i r humidity (at 
30 0 C ) . 
Measurements are tabulated 
chronologically. 
The permeability of this 
piece of skin was the same 
from beginning to end of the 
experiment, namelv: 0.50 
mg cm h in dry a i r . 
*) only three measurements 
were carried out. 
-2 -1 
mg cm h . In reality the skin does not behave as an ideal mem­
brane: it absorbs and desorbs water vapor (Figure IV. l ) . Indeed 
the measurements of the skin's water vapor loss were not found 
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w a t e r l o s s of t h e s k i n 








100 80 ' 60 40 ' 20 О 
0/a r e l a t i v e Ит-imiditv 
a t skivi s u r f a c e a t 30° С 
Figure IV. 2: 
Results of a series of measurements of the water vapor loss from 
cadaverous human skin of the back, passing air of various de­
grees of humidity through the measuring cup at 30 С skin tempe­
r a t u r e . Other circumstances are as described in the text. Perme-
_2 
ability lines at 0 .5 , 0 .6, 0 .7, 0 .8 , 0 .9, and 1 .0 mg water cm 
h have been included. 
(reprinted from Dermatologica 1 48: 418-426, 1969) 
around this unbroken s t ra ight l i n e . The d e c r e a s e in the w a t e r va­
p o r l o s s was l e s s than that calculated for an ideal membrane for 
a l l m e a s u r e m e n t s , with n o . 4 as the only except ion. Evidently, 
the permeabi l i ty of the skin in humid a i r was i n c r e a s e d as compa­
r e d with the permeabi l i ty in dry a i r . The value of the p e r m e a b i l i ­
ty of the skin at any humidity of the a i r can be r e a d from the o ther 
skew l ines of F i g u r e I V . 2 . During measurements n o s . 1 , 2, 5, 
— 2 —1 9 the skin behaved a s having a permeabi l i ty of 0 .60 mg cm h 
p e r m e a b i l i t y 
( m g w a t e r / c m 2 · h ) 
10 0.9 0Θ 
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in dry a i r : dur ing m e a s u r e m e n t s n o s . 6 , 7 , 8 the skin behaved 
-2 -1 
as if the permeabi l i ty were 0,7 mg cm h ; e t c . . 
absolute humidity 





3an |rebr|MrchlApril|May |3uneÜuly |Aug |Sept|Oct |Nov |Dec 
Figure IV. 3: 
The humidity of the ambient atmosphere at the moment of the max-
imum temperature of each day on the year 1965 at the Royal Mete-
orological Institute at De Bilt; absolute humidity is shown of the 
lefthand ordinate and the relative humidities at 20 С and 30 С 
on the righthand ordinates. The heavily shaded area represents 
the humidity of sealed cabins and pressure suits, as recommen­
ded by WEBB Í1965). 
(reprinted from Dermatologica 138: 418-426, 1969) 
In the Nether lands the r e l a t ive humidity of the ambient 
a i r is very moderate and only seldom i n c r e a s e s over 40 fo RH as 
calculated at a typical skin t empera ture of 30 С ( F i g u r e IV. З) . 
T h e r e f o r e , the high humidities used in measurements n o s . 1 0 , 3 , 
11 . 12. 4 ( F i g u r e IV. 2) had to be achieved by ar t i f ic ia l mois te­
ning of the ambient a i r of the room at an i n c r e a s e d t e m p e r a t u r e . 
T h e s e values indicate more d r a s t i c changes of skin permeabi l i ty 
in abnormally high humidit ies . The permeabi l i ty is even fur ther 
— 2 —1 i n c r e a s e d (0 .9 mg cm h ) in measurements n o s . 11 and 1 3 at 
50 - 60 'fo RH and 30 С : it is n e a r l y twice the or ig inal value un­
d e r these condi t ions . 
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By way of example, measurement no. 6 may be c o n s i d e ­
red more thoroughly. The humidity was n o r m a l , though high; 34 
# RH at 30 0 C (equalling a humidity of 61 f« RH at 20 0 C room 
t e m p e r a t u r e ) . The actual w a t e r vapor loss in this environmental 
—2 —1 humid a i r was 0 . 4 4 mg cm h . This value i s about 1 2 ?ί l e s s 
-2 -1 than the w a t e r vapor loss of 0. 50 mg cm h in dry a i r . If the 
membrane had e n t i r e l y dr ied out, the measurement at 34 rfo RH 
would have yielded an even lower w a t e r vapor loss of 0 .33 mg 
— Ρ — 1 
cm h , being about 37 % l e s s than in dry a i r . Thus the actual 
w a t e r vapor loss d e c r e a s e d only by і / З of that theore t ica l ly c a l ­
culated if the permeabi l i ty were c o n s t a n t . The i n c r e a s e of the 
permeabi l i ty due to swell ing of the horny l a y e r was about 1 5 ^ 
— 2 —1 (from 0.50 to 0.67 mg cm h ) . It is c l e a r that the change in 
water l o s s , p r e d i c t e d by F I C K ' s law of diffusion, i s par t ia l ly 
compensated by the accompanying change in the permeabi l i ty of 
the membrane . 
The actua l values of the w a t e r vapor l o s s w e r e found 
s c a t t e r e d over a wide a r e a of the graph shown in F i g u r e I V . 2 . 
T h i s i s in complete a c c o r d a n c e with the t h e o r e t i c a l c o n s i d e r a ­
tions d i s c u s s e d in Sect ion IV. 1 , and confirms that the w a t e r p e r ­
meability does indeed change in the same way a s the absorbed 
w a t e r content of the horny l a y e r . As far a s the N e t h e r l a n d s a r e 
c o n c e r n e d , typical ambient conditions a r e r e p r e s e n t e d by the 
gray a r e a of F i g u r e IV. 2 . The humidities recommended in s e a l ­
ed cabins and p r e s s u r e sui ts (WEBB, 1965) a r e a l so within t h e ­
se l imi t s . T h e r e f o r e it can be s ta ted that the g ray a r e a of F igu­
r e IV. 2 c o m p r i s e s a l l the values of the w a t e r vapor loss and the 
permeabi l i ty which may be expected in a piece of skin whose p e r -
-2 -1 
meability i s 0 .50 mg cm h in d r y a i r . 
The locat ions of measurements n o s . 4 and 1 2 in the 
graph of F i g u r e IV.2 a r e somewhat unexpected. The r e a s o n for 
this a p p a r e n t deviation is not c l e a r . The measurements a r e , how­
e v e r , not c o n t r a d i c t o r y to the foregoing explanat ion. 
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IV.3 L I M I T A T I O N О F A G R E E M E N T O F 
M E A S U R E M E N T S O F T H E W A T E R 
V A P O R L O S S F R O M H U M A N S K I N 
I N D R Y A I R A N D I N E N V I R O N ­
M E N T A L H U M I D A I R 
The var iab l i ty of measurements of the w a t e r vapor l o s s 
of skin in v i t ro into dry a i r is about 2 "¡o accord ing to the r e s u l t s 
of the exper iments of Table IV. A (namely var ia t ion coefficients 
o r r e l a t ive s t andard deviat ions of 0 . 3 % , 1 . 9 % , 2 . 8 % , and 4 . 0 
% in four s e r i e s of measurements ) . These r e s u l t s were obtained 
with the thermal conductivity cel l a s desc r ibed in Chap te r I I . The 
same var iabi l i ty has been found measur ing in v i t ro with an e l e c -
t ro lyt ic w a t e r ana lyze r method (SPRUIT & MALTEN, 1965). How-
e v e r , a var ia t ion coefficient of about 10 % is found in m e a s u r e -
ments on the skin in vivo (SPRUIT & MALTEN, 1965). The v a r i -
ation coefficient of measurements in vivo i s the same when mea-
su red on the skin of the palm of the hand, having a very high wa-
te r vapor los s and many sweat d u c t s , or on the skin of the f o r e -
a r m , having a moderate wa te r vapor l o s s and re l a t ive ly few 
sweat d u c t s , in spite of the different wa te r vapor l o s s e s measu-
red and in spite of the different s t r u c t u r e s of these skin a r e a s 
(see F i g u r e IV. 4) . Cor rec t ion of the measurements for the temp-
e r a t u r e of the skin does not amel iora te the var iab i l i ty of the d e -
terminat ions (SPRUIT , 1966: SPRUIT & HERWEYER, 1967). 
Measurements of the w a t e r vapor l o s s of the skin in 
environmental humid a i r with i ts e v e r changing humidity can be 
expected to fluctuate even more than measurements in d ry a i r . 
As an example the average r e s u l t of nine measurements on fo r e -
arm skin rn vivo and the i r var ia t ion coefficient i s p resen ted in 
Table IV. Β , columns "WVL". The a v e r a g e of the t h r e e var ia t ion 
coefficients of the measurements in environmental humid a i r i s 
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Table I V . В : 
Mean values of 9 measurements of the w a t e r vapor loss (WVL) 
and the calculated permeabi l i ty (Perm) in mg cm h of f o r e ­
arm skin of a normal healthy volunteer in dry a i r and in e n v i r o n ­
mental humid a i r . The measurements w e r e c a r r i e d out dur ing 
the per iod from 19th September till 4th October 1966, the a b s o ­
lute humidity varying between 7 . 9 and 1 3 . 4 mg w a t e r / l i t e r a i r . 
measurements 
carried out in 
1 : ambient humid air 
2: dry air 
Perm 1 - Perm 2 = 
idem in / : 
1 : ambient humid air 
2: dry air 








8 .9/ 7 . 5 / 
9 . 8 / 9 . 8 / 






fficients of the 
13.0/ 7 . 9 / 
7 . 0 / 7 . 0 / 







13.0/ 11 . 7 / 
3 .9/ 3 .9/ 
11.5 / . The a v e r a g e of the t h r e e var ia t ion coefficients of the s i ­
multaneous m e a s u r e m e n t s in dry a i r i s somewhat l e s s , 7 / . 
The w a t e r permeabi l i ty of the skin in environmental 
humid a i r and in d r y a i r should have the same value if the skin 
w e r e s t r u c t u r a l l y unchanged a s far a s i ts w a t e r content is c o n ­
c e r n e d . It became evident from measurements p r e s e n t e d in the 
foregoing Sect ion IV. 2, that the permeabi l i ty of the skin in v i t ro 
changes somewhat (10 - 20 / ) because of such s t r u c t u r a l v a r i a ­
t i o n s . The permeabi l i t i e s of the skin in vivo have been c a l c u l a ­
ted from the prev ious measurements of the w a t e r vapor l o s s . The 
a v e r a g e va lues in ambient humid a i r and in dry a i r a r e shown in 
columns " P e r m " of Table IV. В. The permeabi l i ty of the skin in 
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water vapor loss (mg water/cm2 , h) 
6.0 
Figure IV .4 : 
Water vapor l o s s ( insens ible perspirat ion) of the palm of the hand 
and the forearm skin of a healthy volunteer . Numbers in paren-
t h e s e s indicate the number of determinations of the water vapor 
l o s s of different days at the re levant s i t e . The gray area indica-
tes the (re lat ive) standard deviation of the measurements . 
environmental humid air is seen to be increased as compared to 
the permeability in dry a i r : the magnitude of the increase is a-
bout the same as was found in the in vitro measurements (6 to 18 
"h according to Table IV.B). 
Measurements of the permeability of the water through 
the skin into environmental humid air can be expected to spread 
less than the measurements of the water vapor loss itself, be-
cause the factor of the variability of the changing humidity of the 
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a i r i s e l iminated. The average var ia t ion coefficient of these mea-
surements of the permeabi l i ty was 9 "¡o (see in Table IV. Β, c o ­
lumns "Perm")» i . e . somewhat l e s s than the a v e r a g e var ia t ion 
coefficient of the measurements of the w a t e r vapor loss itself, 
this being 11.5 % (see in Table IV. В, columns "WVL"). The va­
lue of the var ia t ion coefficient of 9 $ was not r e d u c e d to such a 
d e g r e e that the var iabi l i ty became l e s s than the var iabi l i ty of 
the measurements into d r y a i r , which amounted to only 7 $ . The 
changing w a t e r content of the horny l a y e r influences the s p r e a ­
ding of the measurements unfavorably. 
Changes in skin permeabi l i ty in vivo can be expected to 
be most evident dur ing a wet summer per iod and for the skin of 
the palm of the hand. During the month of J u l y . 1966. such c o n ­
dit ions w e r e fulfilled in the N e t h e r l a n d s . Ten measurements of 
the w a t e r vapor loss w e r e c a r r i e d out in this per iod on the midd­
le of the palm of the hand of one vo lunteer , both in environmental 
humid a i r and in dry a i r . The t e m p e r a t u r e of the room was 21 to 
23 C; the mean t e m p e r a t u r e of the skin was 34.6 C : the humi­
dity var ied between 24 and 41 $ RH at the t e m p e r a t u r e of the 
skin, on an a v e r a g e being 32.7 % RH. The mean w a t e r vapor 
-2 -1 
l o s s from the skin in dry a i r was 4.17 mg cm h , when no sud­
den activi ty of the sweat glands was evident from the r e c o r d i n g s . 
The mean w a t e r vapor loss from the skin in environmental humid 
—2 —1 
a i r was 3.28 mg cm h , i . e . only 21 % l e s s . The p e r m e a b i l i ­
ty of the skin in environmental humid a i r was ca lculated from t h e -
-2 -1 
se m e a s u r e m e n t s , and was found to be 4.91 mg cm h , i . e . 
1 8 "io more than the m e a s u r e d w a t e r vapor loss in dry a i r of 4.17 
-2 -1 
n:g cm h . It i s seen that the w a t e r permeabi l i ty in e n v i r o n ­
mental humid a i r of the skin of the palm of the hand is a lso i n ­
c r e a s e d by 10 - 20 Іо a s compared to the permeabi l i ty in dry a i r . 
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IV.4 D E C R E A S I N G W A T E R V A P O R L O S S 
F O L L O W I N G S W E A T S E C R E T I O N 
It i s commonly supposed that sweat can wet the skin s u r -
face . After sweat ing has s topped, the skin i s in equilibrium with 
a moistened a tmosphe re , and will only gradual ly equi l ibra te to 
the ac tual environmental a tmosphe re . The length of this time lag 
is important a s measurements of the wa te r vapor loss of the skin 
must not be s t a r t e d before the skin is equi l ibra ted to the actual 
a tmospher ic condi t ions . 
T h e r e a r e two fac tors influencing the final value of the 
r e c o r d e d output . One is the lag in r e sponse of the ins t rumenta -
t ion: this has been desc r ibed in Chapte r II. The o ther is the 
s lowness of equi l ibra t ion of the skin i tself . Obviously the former 
must be known before the l a t t e r can be evaluated with ce r t a in ty . 
The r e c o r d i n g of the w a t e r vapor los s in a normal e n -
vironmental humid a tmosphere can , in fact , be completed in a few 
minutes using the thermal conductivity cel l wa te r a n a l y z e r , a s 
i s shown in curve a of F igure IV. 5 . The c o u r s e of this m e a s u r e -
ment i s a s follows: 
The measur ing cup is placed upon the skin about five 
minutes before the f i rs t measurement is to be taken. The metal 
cup , the thermocouple element ins ide the cup , e t c . (see F i g u r e 
II .7) have to be equi l ibrated and this i s judged to be accompl ish-
ed as soon as the read ing of the skin t empera ture is cons tan t . 
During this pe r iod , the a i r flow is d i rec ted accord ing to diagram 
" z e r o " of F igure II . 5 . According to this scheme, the water e v a -
pora ted from the skin r u n s through the tube S2 and the r ighthand 
flowmeter back into the room without pass ing the second thermal 
conductivity ce l l compartment . At the s t a r t of the actual m e a s u -
remen t , the a i r flow is switched to " m e a s u r e " , as in F igu re II . 
5 . Because of the double mois tening, which has been desc r ibed 
in detai l in Chap te r II , the r e c o r d e r r e g i s t e r s a small overshoot 
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p e r s p i r a t i o n 
( i n s e n s i b l e ) 
p e r s p i r a t i o n 






( 6 7 % RH 
at 2 3 . 4 0 C ) 
sk in : 32.6°C 
2.0 c m 2 s k i n 
12.3 m l / m i n 
10 2 0 3 0 4 0 6 0 
t i m e ( m i n ) 
Figure I V . 5 : 
Recording of the water l o s s of the skin at the vo lar aspect of the 
2 
forearm of a healthy volunteer. Measuring cup area: 2 . 0 cm ; 
a ir flow: 1 2 . 3 ml/min; skin temperature: 3 2 . 6 C; room tempera­
ture: 2 3 . 4 C; original humidity of the environmental a ir pass ing 
the skin: 1 4 . 0 mg water / 1 a ir (67 £ RIl). Curve b-c was r e c o r -
ded during a period of moderate sweat ing , which c e a s e d ; curve 
a was recorded at the same site of the skin after the sweating 
had stopped for some time, 
(reprinted from Dermatologica 1 38: 2 9 2 - 2 9 4 , 1969) 
at the beginning of the r eco rd ing (curve a , F i g u r e IV. 5) . The va-
lue of the insens ib le pe r sp i r a t i on of the skin can be r e a d about 2 
minutes af ter the beginning of the actual measurement . It usual ly 
remains constant for a long pe r iod , e . g . 15 minutes . It is adv i -
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sable to check the r e a d i n g s dur ing this p e r i o d , however , in o r ­
d e r to e n s u r e that no sweat gland activity o c c u r s . The effect of 
sweat gland act iv i ty i s demonstra ted by the m e a s u r e m e n t s of F i ­
gure I V . 5 , c u r v e s b - c . 
In the beginning of the second exper iment of F i g u r e IV. 
5 (f irst 7 minutes of the r e c o r d i n g ) a substant ia l w a t e r vapor 
-2 -1 
l o s s of about 2 . 4 mg cm h was shown, fluctuating and t h e r e ­
by demonstra t ing that the sweat glands w e r e moderate ly a c t i v e . 
T h i s limited p e r s p i r a t i o n caused no vis ible sweat s e c r e t i o n ; a 
vis ible sweat gland activi ty usual ly r e s u l t s in a w a t e r vapor loss 
about ten times a s much. This moderate act ivi ty of the sweat 
glands r e s u l t e d in an i n c r e a s e d p e r s p i r a t i o n of about ( 2 . 4 - 0 . 6 ) 
-2 -1 
= 2 mg cm h . As soon a s t h e i r activity c e a s e d , the w a t e r 
l o s s from the skin d e c r e a s e d r a p i d l y to the s teady s ta te level of 
the insens ib le p e r s p i r a t i o n (curve b of F i g u r e IV. 5) . A r e c u r ­
r e n c e of the act iv i ty of the sweat glands was observed dur ing 
the d e c r e a s i n g p e r s p i r a t i o n p e r i o d , the r e s u l t being an i n c r e a s e 
of the w a t e r l o s s of 138 μg cm d u r i n g a 10 minutes per iod (see 
F i g u r e IV. 5). Only a q u a r t e r of an hour af ter the sweating had 
stopped for the second time (at the end of curve c ) , a constant 
w a t e r l o s s - the insens ib le p e r s p i r a t i o n - was r e a c h e d . Ap­
parent ly an e x c e s s amount of w a t e r slowly evaporated from the 
skin af ter the sweat gland act iv i ty o u t b u r s t s c e a s e d . This amount 
of w a t e r i s indicated by the a r e a of the graph underneath the d e s ­
cending c u r v e s b and с and has been ca lculated to be 84 and 61 
μg water/cm skin r e s p e c t i v e l y . Thi s e x c e s s amount of w a t e r 
may have been s t o r e d in the horny l a y e r and gradual ly removed 
by the s t ream of environmental humid a i r , running over i ts s u r ­
face through the m e a s u r i n g c u p . The p e r c e n t a g e of the w a t e r 
content of the horny l a y e r of the skin has been est imated from 
these data to be d e c r e a s e d from W % in the c a s e of sweating skin 
to about (VV - 4) fo at non-sweat ing sk in, equi l ibrated to the envi­
ronmental humid a i r . Whether this surp lus amount of w a t e r , in 
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fact , had been s to red in the horny cell l aye r itself or in the 
sweat ducts cannot be concluded from these d a t a . 
Other fac tors may a l so influence the evaporat ion (see 
KUNO, 1956; EMRICH & ULLRICH, 1966; S L E G E R S , 1966). 
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C H A P T E R V 
R E G E N E R A T I O N O F H U M A N S K I N 
Summary 
By repea ted s t r ipping of an a r e a of skin with adhe -
sive t ape , a p r o g r e s s i v e injury can be p roduced . This injury 
has been used as an exper imenta l model to invest igate the r e -
lation between the wa te r vapor loss of the skin and the e x -
tent of the in jury . It has proved pa r t i cu l a r l y useful in c l a r i -
fying the p r o c e s s e s which take place dur ing the per iod of r e -
genera t ion . 
The water vapor los s has been plotted semi - loga -
r i thmical ly against time following a number of exper imental 
in jur ies (F igu re s V.2 and 5) . The cu rves obtained enable 
th ree individual s i tuat ions to be dis t inguished: 
a: Damage to the horny l aye r above the s tratum corneum con-
junctum r e s u l t s in a small i n c r e a s e of the wa te r loss r e t u r -
ning rapid ly but i r r e g u l a r l y to normal ; 
b : Complete removal of the s tratum corneum conjunctum c a u -
ses a cons iderab ly g r e a t e r ini t ia l i n c r e a s e ; this r e t u r n s 
exponential ly to normal ove r a much longer pe r iod ; 
c: Damage which includes the s tratum granulosum r e s u l t s in 
very high va lues of wa te r l o s s , and causes a " temporary 
b a r r i e r " to be set up . This i s shed af ter a few d a y s ; the 
r egene ra t ion then follows c o u r s e b above . 
The more important parts of this chapter have been published e lsewhere; J . invest . Derm. 
45: 6-14 (1965) and Berufsdermatosen 16: 11-24 (1968). Courtesy of the publishers. 
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V.I I N T R O D U C T I O N : A S P E C T S O F 
T H E P H E N O M E N O N " D R Y S K I N " 
The c o r r e c t functioning of the skin is very eas i ly d i s -
tu rbed . Most p e r s o n s pay li t t le at tention to the affliction of a 
"dry sk in" . Yet: "Dry skin is probably the only affliction, as ide 
"from the common cold , which touches everyone . . . at l eas t 
"once a y e a r . " (DAY, 1966). In the Ne the r l ands , it i s common 
in the months of F e b r u a r y , March and Apr i l , jus t af ter mid-win-
t e r . Pa t i en t s having a d ry skin complain of rough pa tches of d ry 
sk in , chapping l i p s , or hands that a r e not soft . Of c o u r s e , the 
condition of the i r skin had a l r eady suffered apprec iably before 
such complaints became evident . The outer skin l aye r (the s t r a -
tum corneum) is composed pr imar i ly of ke r a t i n , an un-nucleated 
hygroscopic sheath which should contain about '\0 fc wa te r in o r -
d e r to remain wel l -condi t ioned, soft and f lexible . When i ts wa te r 
content falls below this concent ra t ion , the kera t in becomes p r o -
g re s s ive ly l e s s f lexible, rough , b r i t t l e , and finally even c r a c k -
ed (BLANK, 1952). The las t condition is very well recognized 
a s "d ry skin" by the publ ic ; however , it has gradual ly developed 
and it is ve ry difficult to s ta te when the p r o c e s s had s t a r t e d . 
S e v e r a l environmental fac tors promote the phenomenon 
of a dry sk in . The g r ea t e s t offender cer ta in ly is a low absolute 
humidity, occu r r ing in per iods of cold w e a t h e r . A high skin temp-
e r a t u r e and a good venti lat ion along the skin surface a r e , in a d -
di t ion, pa r t i cu l a r ly l iable to provoke the phenomenon. An exam-
ple of such c i r cums tances is the s k i e r who submits himself to 
cons iderab le a i r c u r r e n t s in a cold and d r y a tmosphe re , when he 
whizzes down the s l o p e s . 
The re a r e o ther potential s o u r c e s of dry sk in , such as 
occupational h a z a r d s . Examples a r e p e r s o n s who constantly ex -
pose the i r hands and forearms to solvents ( p a i n t e r s , s e rv i ce 
s tat ion a t t endan ts ) , and housewives who have the i r hands quite 
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often in d i s h w a t e r o r washwater containing household d e t e r g e n t s 
(SUSKIND, 1962). 
Whatever the cause of d r y skin, environmental o r occu­
pat ional , the skin becomes h a r s h , r o u g h , r e d , and c r a c k e d . 
Skin which is c r a c k e d can never be re jo ined; it can only be ma­
de soft and flexible aga in . This can be accomplished by coat ing 
the skin with a m a t e r i a l which has a lower permeabi l i ty than the 
n a t u r a l sebum, so that the k e r a t i n will have a chance to hydrate 
aga in . S T E I G L E D E R (1962) demonstrated indi rec t ly that v a s e l i ­
ne i s probably the most efficient of the r e a d i l y avai lable m a t e r i ­
a l s for this p u r p o s e . The high "occlus iv i ty" of a film of vase l ine 
applied to the skin has been shown by BAKER (1968). It has a l so 
been demonstra ted in the p r e s e n t work (Chapter III) that vase l ine 
can add effectively to the w a t e r b a r r i e r p r o p e r t i e s of human skin. 
After the skin has been in jured, it has to r e c o v e r from 
this in jury . If the skin was in very good condition before the i n ­
j u r y o c c u r r e d , and if the outward environmental c i r c u m s t a n c e s 
a r e favorable, e . g . the humidity of the a tmosphere i s reasonably 
high, the skin will r e v e r t rapidly to i t s or ig inal s t a t e . If, how­
e v e r , the condition of the skin i s not so good, o r if the ambient 
c i r c u m s t a n c e s a r e unfavorable, e . g . the humidity of the atmos­
phere i s low, it is poss ib le that the skin will not function p r o ­
p e r l y for a prolonged p e r i o d . Such an affliction a p p e a r s a s a 
chapping of the r e g e n e r a t i n g sk in; a d r y - s k i n phenomenon often 
d e v e l o p s . It has been observed and s tudied, together with the r e ­
generat ion of the skin following a s tandard ized injury (SPRUIT 
& MALTEN, 1965; 1968; this C h a p t e r ) . 
V.2 T H E A P P E A R A N C E О I T H E ъ К I N 
D U R I N G R E G E N E R A T I O N A F Τ E R 
S T R I P P I N G T H E H O R N Y L A Y E R 




с : 29 days 
Figure V.1 ; 
Appearance of forearm skin after stripping the horny layer in January, 1963 (mid-winter). 
The pigmentation pattern, 29 days after injury, corresponds to the chapping pattern 4 and 
6 days after injuring the skin (see SPRUIT, 1965). 
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mm width) applied to human forearm skin a d h e r e s firmly to the 
sk in . After one or two minutes it i s removed by tear ing the tape 
from the sk in , and the outmost l a y e r of horny ce l l s i s removed 
together with the se l lo tape . The same p rocedu re may be r e p e a -
ted s e v e r a l t imes , success ive ly removing the following l a y e r s 
of horny c e l l s . In this way the complete horny cell l aye r or s t r a -
tum corneum, about 0 .02 mm thick, can be eas i ly removed from 
the sk in . A pa r t of the under lying, one cell l aye r thick s t ra tum 
granulosum is usual ly a l so removed by this p r o c e d u r e ; the o ther 
l a y e r s of the epidermis and the dermis a r e left in tac t . This p r o -
cedure is ve ry useful a s a s tandardized method of removing the 
horny l aye r from the skin (SZAKALL, 1957). 
In F i g u r e V.I , photographs a and b , the well-known 
appea rance of forearm skin i s shown, 4 and 6 days af ter s t r i p -
ping the horny l a y e r of the skin in mid-winter ; this is a bad time 
for injuring the sk in , a s it will eas i ly chap and c rack dur ing the 
following r e g e n e r a t i o n . Twenty nine days af ter the s t r ipping 
(F igure V.1 , photograph c;) it had regained i ts flexibility and the 
injured s i te i s only visible because of a r e s i d u a l pigmentation 
p a t t e r n . 
The same skin has a lso been s t r ipped in the month of 
J u n e , the climate being very mild at that t ime. The r e s u l t s a r e 
shown in F igu re V . 2 . The injuring effects after s t r ipping (s i tes 
3 , 4 , 5 , 6) a r e not so bad as in midwinter ; however , the newly 
formed skin s t i l l has the c h a r a c t e r i s t i c s of a "d ry sk in" . E s p e -
cial ly dur ing the f i rs t r egenera t ion phase the skin is not at a l l 
flexible (F igure V . 2 , photograph £ ) . This l a y e r which is formed 
dur ing the f i rs t few days very effectively p ro t ec t s the body from 
des icca t ion , a s i s evident from the graph of this F igu re V . 2 . Al-
though it i s inflexible and lacks smoothness , this l aye r does not 
become r ea l ly rough nor b r i t t l e in the summer p e r i o d . It does 
not c r ack but it i s gradual ly lost in flakes (F igure V . 2 , photo-
graph g ) . This occu r s dur ing the second phase of the r e g e n e r a -
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Figure V.2: 
The appearance of forearm skin during regeneration after removal of the horny layer by 
stripping and after injury to the skin by exposure to alkali. The increase of the water va­
por loss at each site of the skin during regeneration is shown in the graphs. Sites nos. 1 
and 2 are the controls of normal non-injured skin. The horny layer of the skin has been 
stripped at sites 3, 4, 5, 6, A, and E. At site E, a plastic cup has been fixed to the strip­
ped skin by nobecutane during the exposure to 0.02 N NaOH at site A. At sites B, C, and 
D the skin has been exposed to 0.02, 0.03 and 0.03 N alkali. Three phases are distin­
guished: a) 0 - 5 days after injury (temporary barrier formation) ; b) 5 - 15 days after in­
jury (visibly chapping final barrier formation) ; c) 15 - 60 days after injury (final barrier 
formation). (see also SPRUIT, 1965; and SPRUIT 4 MALTEN, 1966) 
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tion per iod (sl ightly darkened a r e a of the graphs) between 5 and 
15 days a f ter the injury; the skin which is formed underneath is 
more f lexible. From the long-last ing i n c r e a s e in pigmentation 
( F i g u r e V . 2 , photograph !_) it is evident that this skin is not com­
pletely n o r m a l . Thi s is confirmed by the w a t e r vapor loss of the 
skin, which only very gradual ly r e t u r n s to normal values (Figu­
r e V . 2 , g r a p h s ) . 
When the skin was injured in a n o t h e r way, e . g . by ex­
posing it to a lkal ine solutions of moderate s t r e n g t h (0.02 - 0 . 0 3 
N^  NaOH: F i g u r e V . 2 , s i t e s B, C, and D), n e i t h e r the appearan­
ce nor the i n c r e a s e of the w a t e r vapor loss w e r e very much dif­
ferent from the s tandard ized s t r ipping in jury . When 0.02 N Na­
OH was applied to s t r ipped skin, however , ( F i g u r e V . 2 , s i te A), 
the injury was more s e v e r e . Thi s more s e v e r e injury was c l e a r ­
ly v i s ib le , a s a c r u s t was formed (Figure V . 2 , photograph b ) 
which shrank (photographs с and d_) and was lost 7 days af ter the 
skin was injured (photograph e ) . The skin underneath the c r u s t 
behaved jus t a s s t r ipped skin did during r e g e n e r a t i o n . 
C a r e should be taken over s t r ipped sk in , immediately 
and shor t ly a f ter the s t r ipping in jury, as the r e g e n e r a t i o n of the 
skin is o therwise influenced somewhat unfavorably. As an exam­
ple the very sl ight p r e s s u r e e x e r t e d by the rim of a p las t ic cup 
( F i g u r e V . 2 , s i te A) caused the o c c u r r e n c e of a c r u s t and u l t i ­
mately i n c r e a s e d the injury to such an extent that it was s t i l l v i­
sible a s pigmentation 28 days af ter the injury took place (Figure 
V . 2 . photograph 1_). The cup had been fixed to the skin by nobe­
c u t a n e , and some of the nobecutane had s p r e a d over the s t r ipped 
skin surface ins ide the cup . It became evident from the appea­
r a n c e of the skin at this s i te dur ing the r e g e n e r a t i o n , and from 
the w a t e r vapor l o s s m e a s u r e m e n t s dur ing this per iod of r e g e n e ­
r a t i o n , that the p r e s e n c e of nobecutane itself did not harm the 
s t r ipped skin nor influence the p r o c e s s of the r e g e n e r a t i o n . The 
p r e s e n c e of a film of nobecutane o v e r the s t r ipped skin s u r f a c e , 
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m o r e o v e r , appeared to protec t the s t r ipped skin from the inju-
r ing effects of exposure to 0 .02 N NaOH. 
Following the removal of or injury to the horny layer , 
a new horny cell l aye r is formed by a rapid convers ion of g r a n u -
l a r c e l l s . This i s composed of p a r a k e r a t o t i c , nucleated ce l l s in -
s tead of normally kera to t ic un-nucleated ce l l s (MATOLTSY et 
a l . , 1962). Because these pa rake ra to t i c nucleated ce l l s a r e e v i -
dently different from the normal horny ce l l s and because they a r e 
a f t e rwards shed visibly in f lakes , this pa rake ra to t i c l aye r (which 
p e r s i s t s for about five days) has been called a " temporary" b a r -
r i e r by MATOLTSY et a l . (1962). 
The rapid formation of this " temporary" b a r r i e r r e s u l t s 
in the sweat ducts being improperly cons t ruc ted through the e n -
t i re l a y e r . It i s a day , pe rhaps a few d a y s , before the duct takes 
up the sp i r a l form which it has in normal sk in . As a r e s u l t the 
temporary b a r r i e r effectively blocks the sweat duct (SPRUIT & 
GOVAERT, 1968). In this r e s p e c t the temporary b a r r i e r r e s e m -
bles the pa rake ra to t i c psor ia t i c horny l aye r (JUHLIN, 1967). 
The sweat gland act ivi ty i s impeded. Wherever the temporary 
horny l aye r i s broken and c r a c k e d , the sweat gland act ivi ty is 
r e s t o r e d within a few d a y s ; only where the temporary l aye r r e -
mains unbroken is the sweat gland activi ty impeded. The tempo-
r a r y b a r r i e r p roduces a mi l i a r i a - l ike reac t ion if the sweat glands 
a r e forcibly actuated by ambient c i rcumstances in the meant ime. 
The r e s p o n s e of the skin to an injury has many a s p e c t s . 
The simple removal of a small pa r t of the horny l aye r causes an 
i nc r ea sed glycogen content of the lowest l aye r of the ep ide rmi s , 
the stratum b a s a l e , dur ing the following eight h o u r s . A sequence 
of events is se t up throughout the en t i r e ep ide rmi s : the mitotic 
r a t e i s ultimately i n c r e a s e d . Th i s i n c r e a s e of mitoses s t a r t s a -
bout 30 hours af ter the removal of horny c e l l s : it r e a c h e s a max-
imum at about 40 h o u r s , and the mitoses a r e diminishing again 
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about 50 hours af ter the removal of horny c e l l s (BROPHY & L O -
B I T Z , 1959; S P R U I T , 1965). It can be expected that such a s e ­
quence of r e a c t i o n s will be re f lected in the function of the skin, 
e . g . i t s protect ion against water vapor l o s s . 
V . 3 T H E M O D E L O F T H E R E G E N E R A ­
T I O N O F Τ Η Ε S K I N F R O M A_ 
S I N G L E I N J U R Y 
In o r d e r to achieve a b e t t e r unders tanding of the r e g e ­
nerat ion which follows a typical injury to the skin in the complex 
environmental condit ions usual ly e n c o u n t e r e d , it is useful to d e ­
sign a model based on a very simple in jury. The r e s u l t s of more 
complex in jur ies of the skin may then be compared with the model. 
As a m e a s u r e of the protect ive function of the sk in, the 
w a t e r vapor loss ( insensible p e r s p i r a t i o n ) has been c h o s e n . T h i s 
w a t e r vapor l o s s is i n c r e a s e d when the skin has been damaged; 
it will gradual ly r e t u r n to normal dur ing the per iod of the r e g e ­
n e r a t i o n of the sk in . 
As a m e a s u r e of the s e v e r i t y of the injury of the skin 
( c h a r a c t e r i z e d by an index: i_) the r e l a t i v e i n c r e a s e of i ts w a t e r 
vapor loss has been introduced (SPRUIT & MALTEN, 1965): 







w = the w a t e r vapor l o s s of the r e g e n e r a t i n g skin, 
w = the w a t e r vapor loss of_normal non-injured s k i n . 
After skin has been injured it will s t a r t to r e g e n e r a t e . 
T h e r e may be a lag time in the init iation of this p r o c e s s , but a s 
soon a s the r e g e n e r a t i o n has begun, it i s regula ted by a feedback 
mechanism. The r e g e n e r a t i o n will p r o c e e d more gradual ly in the 
l a t e r s t a g e s when the or ig inal injury i s l e s s s e v e r e . It has been 
shown (SPRUIT & MALTEN, 1965) that a semi-logar i thmic r e l a -
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tion exists between the injury-index, i_, and the time after inju­
ry. The following formula was presented and has since been ap­
plied in many determinations of injury (SPRUIT, 1965: SPRUIT 
& MALTEN, 1965; 1966: 1968; MALTEN & SPRUIT, 1966; 





) = k1 - k2 - t (30) 
(w - w ) = the increase of the water vapor loss (IWVL) of the v
 r η f \ 
injured skin over the normal value of the insensible perspira­
tion; k1 = the constant value of the logarithm of the IWV
rL imme­
diately after the injury; k~ = a. constant dependent on the rate of 
regeneration; t = the time passed since the injury was accom­
plished. The formula has shown its practical usefulness for gra­
phical presentation of the regeneration of skin. 
The formula can also be written in another way: 
(w - w ).
 n 





) t = t 
t i = the so-called "half-regeneration-time", being the period 
2 
which elapses before the IWVL falls to half its original value. 
The value of the half regeneration time, ti , can be calculated 
2 
from the semi-logarithmic plot, and is inversely proportional to 
the value of kp in any particular experiment. 
It is evident from these formulae that the water vapor 
loss of a normal skin site has to be measured as a control. An 
actual series of measurements should be preceded by a ser ies of 
measurements at several sites of the original normal skin in or­
der to determine whether the water vapor losses are constant. 
Usually a difference of water vapor loss was found to exist be­
tween the sites near the wrist at the volar aspect of the forearm 
and the more proximally situated s i tes . The same water vapor 
loss was often found from parallel skin sites as e .g . the sites X, 
105 
A and В, the sites Y and C, or the sites Ζ and D of Figure V .3 . 
At site Ζ the water vapor loss was increased as compared to si­
tes X and Y (the average being 0.535 as compared with 0.406 and 
0.424 mg cm h respectively) because site Ζ is approaching 
the wrist fold and hence the character of the skin of the palm. In 
the case of a stripping experiment at sites A to D, the sites X, 
Y and Ζ were used as controls to determine the water vapor loss 
of the normal skin at parallel sites of the forearm as compared 
with injured skin s i tes . A reliable experiment should apply two 
controls of nearly the same water vapor loss as sites X and Y. 
The site Ζ is less useful as a control and has, in fact, been em­
ployed only for a control of site D. 
Figure V« 3: 
The location of the sites of measurements at the volar aspect of 
the forearm. X, Y, and Ζ are controls of non-injured skin. The 
skin at Ρ and Q has been exposed to 0.005 N NaOH. The skin at 
A-R-U-C-D has been stripped by sellotape with the indicated 
number of Strippings. At Α-B the stratum corneum disjunctum 
has been only partly removed; the water vapor loss has been 
slightly increased as indicated. 
An appreciable variability between the water vapor 
loss measurements on different days occurs in normal everyday 
circumstances in normal skin (see Section IV. 3). The water va-
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p o r l o s s at the contro l s i t e s is there fore always m e a s u r e d imme­
diate ly following o r preceding the measurement of the w a t e r va­
p o r l o s s at the r e g e n e r a t i n g injured s i te of the sk in, and the va­
lue (w - w ) ca lculated from the r e s u l t s of these almost s imul-
4
 r η 
taneous m e a s u r e m e n t s . The measurement of the w a t e r vapor loss 
w at two contro l s i t e s is a lso used as a check that no e n v i r o n -
n 
mental changes o c c u r r e d during the exper imental p e r i o d , e . g . 
excess ive and longlast ing sweating i n c r e a s i n g the w a t e r vapor 
l o s s of the sk in . The exper imental injury must be the only damage 
to the skin dur ing the r e g e n e r a t i o n p e r i o d , i . e . about a month. 
The model used for studying the r e g e n e r a t i o n of human 
skin a f ter injury has been der ived from exper iments a s for exam­
ple the following: 
The removal of the horny l a y e r by s t r ipping with a d h e ­
sive tape was chosen a s a r e f e r e n c e injury (see Sect ion I I I . l ) . 
The horny l a y e r was removed s tepwise (Figure V . 3 ) . A par t of 
the sk in, s i te A, was s t r ipped only twice, removing about one 
third of the s tratum corneum dis junctum. Another p a r t of the skin, 
s i te B, was s t r ipped 5 t imes, removing about two t h i r d s of the 
s tratum corneum dis junctum. S i t e s Q and С w e r e s t r ipped ten 
t imes , r e s u l t i n g in a total removal of the s t ratum corneum con-
junctum; the s tratum corneum conjunctum s t a r t e d to be removed 
with the 8th s t r ipp ing, visible a s a compact t r a n s p a r a n t l a y e r at 
the s e l l o t a p e . The remaining s i te D was s t r ipped 21 t imes, r e m o ­
ving the e n t i r e s t ratum corneum and most of the stratum g r a n u l o -
sum. The r e s u l t s of the water vapor l o s s m e a s u r e m e n t s at these 
s t r ipped s i t e s of the skin dur ing the r e g e n e r a t i o n per iod a r e p r e ­
sented in F i g u r e V . 4 . 
At s i te A the w a t e r vapor l o s s was r e d u c e d to 0.382 
-2 -1 -2 -1 
mg cm h a s compared to 0.406 mg cm h at the contro l s i te 
X . In fact, only 2 out of the 10 measurements of the w a t e r vapor 
l o s s at s i te A w e r e found i n c r e a s e d above the w a t e r vapor loss 
107 
іуісг а з е of tVie w a t e r vapor l o s s -
(vng w a t e r / c m 2 -Vi) 
SO.00 
< 0 . 0 1 
IS 20 25 
t i m e a f t e r i n j u r y 
(days) 
Figurp V . 4 : 
The water vapor l o s s of skin after the injury a s indicated in F i -
pure V . 3 . The entire stratum corneum and a part of the stratum 
granulosum had been removed at Q-C-D, so that a temporary 
barr ier formation has been set up. 
at the control site X and the other 8 measurements of the water 
vapor loss at site A were found decreased as compared to site 
X, see Figures V.4 and V.3 . There is some indication that r e ­
moval of only one third of the stratum corneum disjunctum or less 
will result in an improved protection of the skin to water vapor 
loss . Theoretically such an effect is not impossible, as the skin 
responds to even a single stripping by sellotape with an appre­
ciable increase in the number of mitoses about 1. 5 day after­
wards (BROPHY & LOBITZ, 1959); this will cause a thicker 
horny layer to be formed than is normally present. 
At site В the water vapor loss was increased to 0.464 
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mg cm h as compared with the 0.406 mg cm h at the con­
trol site X (Figure V.3). Following removal of about two thirds 
of the stratum corneum disjunctum at site B, it is seen from graph 
В of Figure V.4 that all measurements of the water vapor loss 
•were found increased above the water vapor loss at the control 
site X. 
The points of the measurements at site В are certainly 
not located in a straight line in the graph of Figure V.4. From 
previous experience it was already known that the regeneration 
of the skin following the removal of only a part of the stratum 
corneum disjunctum often does not obey formula (30). Therefore, 
simultaneously with the stripping of the skin another s ite, P, was 
exposed to a very weak alkaline solution, 0.5 ml 0.005 N NaOH 
2 per cm skin for one hour. The regeneration of the water barr ie r 
of this site Ρ was also followed by daily measurements and com­
parison with the control sites X and Y. The results are r e p r e ­
sented in Figure V.4 by the symbol " + " . These values appear to 
be much more linear than the values of the measurements at site 
B. In other experiments the concentration of the NaOH was redu­
ced even below that used at site P, until ultimately several expo­
sures to water were carried out. Curves similar to the dotted 
curve В were quite often encountered following these exposures 
(to be published by MALTEN & SPRUIT, Annali Ital. Derm. clin, 
s p e r . ) ; reductions in the water vapor loss, such as were found 
at site A, did not occur. Slight injuries did not appear to be r e ­
producible using the stripping procedure: they seemed to be more 
reproducible if produced by other methods. 
Summarizing the results obtained by slightly injuring 
the skin ' s horny layer, it can be concluded that a slight injury 
of the skin may increase its water vapor loss by some 0.1 mg 
-2 -1 
cm h . Measurements of the subsequent water vapor loss of­
ten result in a time course as represented by the curved line of 
Figure V.5; the dashed straight line can also be found. It can be 
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concluded, that a slight injury or partial removal of the stratum 
corneum disjunctum (the outer parts of the horny layer) cannot 
be traced easily by measuring the increase of the water vapor 
loss of the injured skin. 
Increase of the water vapor loss (IWVL)-
(mg w a t e r / c m 2 - h ) 
φ = " temporary barr ier " 
®=: " final barrier " 
10 15 20 £5 30 35 40 45 50 
(days) 
time elapsed a f te r Lhe removal of a p a r t of the skin 
I· igurp \ . 1: 
Injurv and regonpration оГ Гограгт skin following the гетолаі of 
the illustrated parts of the epidermis: 1: the stratum corneum 
disjunctum, 2: the entire stratum corneum, disjunctum and con­
junctum, 2 : the stratum corneum and the stratum granulosum, _[: 
the entire epidermis. The water vapor loss is very much increa­
sed after removal of the entire horny layer, as indicated by the 
pray area, 
(reprinted from Berufsdermatosen 16: 11-24, 1968) 
As soon as the stratum corneum disjunctum has been 
removed by seven Strippings of sellotape, the entire stratum 
corneum conjunctum is removed by the following eighth stripping. 
Thus the sellotape stripping method is not suitable for removing 
only a part of the stratum corneum conjunctum. A marked diffe­
rence is created by the removal of the stratum corneum conjunc­
tum, and this is represented by the difference between the curves 
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of F i g u r e V.4 c o r r e s p o n d i n g to s i t e s С and B . At s i te В the 
s t ratum corneum disjunctum had not yet been e n t i r e l y removed 
and at s i te С somewhat more than only the s tratum corneum con-
junctum had been removed; the d i f ference, t h e r e f o r e , between 
these c u r v e s may be somewhat e x a g g e r a t e d . However, a s h a r p 
change in the w a t e r l o s s i s always found to accompany the r e ­
moval of the s t ratum corneum conjunctum. 
T h e s e changes a r e r e p r e s e n t e d in F i g u r e V . 5 . Remo­
val of the e n t i r e s t ratum corneum without removal of any p a r t s 
of the underlying s tratum granulosum usual ly r e s u l t s in about a 
-2 -1 1 ,0 mg w a t e r cm h i n c r e a s e of the w a t e r vapor l o s s of the 
s k i n . The r e g e n e r a t i o n p r o c e e d s very r e g u l a r l y , a s i s r e p r e ­
sented by the s t r a i g h t line F . The c l in ica l a p p e a r a n c e of this 
r e g e n e r a t i n g skin r e t u r n s almost to normal a s h o r t while a f ter 
the in jury, the skin does not show any chapping dur ing the c o u r ­
se of the r e g e n e r a t i o n . A "f inal" b a r r i e r l a y e r begins to form 
from the very beginning of the r e g e n e r a t i o n . The function of the 
skin a s a b a r r i e r l a y e r against w a t e r vapor l o s s i s impaired, 
however , immediately af ter the injury; this gradual ly r e t u r n s to 
normal in the c o u r s e of some weeks (formula 30). 
Removal of only a very l i t t le more m a t e r i a l than jus t 
the s t ra tum corneum ( i . e . some p a r t s of the s t ratum granulosum) 
r e s u l t s in a more d r a s t i c i n c r e a s e of the w a t e r vapor loss of the 
s k i n . In summer and dur ing p e r i o d s of high ambient humidity. 
and in a r e a l l y healthy skin, this i n c r e a s e of the w a t e r vapor 
—2 —1 l o s s ( I W V L ) may be r e s t r i c t e d to about 2 mg cm h , and the 
following r e g e n e r a t i o n may proceed accord ing to formula (30) in 
exact ly the same way as b e f o r e , along the continuous line shown 
in the c e n t r e of the shaded a r e a of F i g u r e V . 5 , beginning at 2 
-2 -1 
mg cm h . However, it i s usual ly found that in winter and 
dur ing p e r i o d s of low ambient humidity the i n c r e a s e of the wa­
t e r v a p o r l o s s (IWVL) is much g r e a t e r , e spec ia l ly a few h o u r s 
-2 -1 
a f ter the skin was in jured. An IWVL of about 20 mg cm h 
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can often be found; this was nearly reached at site С following 
ten Strippings (Figure V.4). An additional exposure of such in­
jured skin to 0.5 ml 0.005 N NaOH for 1 hour was carried out 
simultaneously at site Q (see Figure V.3). This did not appre­
ciably aggravate the injury, as is seen by comparing the re le­
vant curve of Figure V.4 to the curve of the measurements at 
site C. Only the additional exposure to a somewhat stronger al­
kaline solution of 0.03 N NaOH causes more severe injury 
(SPRUIT & MALTEN, 1966). 
The IWVL found shortly after an injury is reproduci­
ble for any particular specimen of skin, though it can differ im­
mensely between different individuals and is especially depen­
dent on the ambient atmospheric circumstances (summer - win­
ter) . Thus values found for the same person during different 
periods of the year are usually inconsistent. 
In the case of the more severe injuries, a temporary 
b a r r i e r is formed (Τ) which rapidly res t r ic ts the water vapor 
loss during the following regeneration (see Section V.2). Such 
a parakeratotic temporary b a r r i e r is always formed after remo­
val of most or all of the stratum granulosum. This initially r e ­
sults in the complete loss of the water b a r r i e r function of the 
skin (see Section III. 2). The temporary b a r r i e r formation very 
quickly (4 to 5 days) reduces the water vapor loss to smaller 
proportions, as can be seen from the sharp change in the slopes 
of the graphs between " T " and " T F " (Figure V.5). However, 
this temporary bar r ie r layer soon becomes dry and britt le.The 
skin then shows chapping and the temporary barr ie r layer is 
shed off. Underneath, a "final" b a r r i e r formation has already 
started, as may be concluded from the following regeneration 
curve, proceeding with the same slope as the regeneration cur­
ves observed after minor injuries. Sometimes, this final bar r ie r 
continues its good qualities, sometimes it does not. It may dr\ 
out and start chapping again after some weeks (lower " T F " -
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curve), followed by a real final bar r ie r formation (dashed curve 
"F" ) . In this case its regeneration proceeds more slowly than 
normal. 
Following on removal of the entire epidermis by exci-
sion - and usually also a superficial part of the dermis - a 
crust is formed. By very heavy stripping with sellotape some 
exudate may dry at the skin surface and also cause a slight 
crust-formation; however, the temporary bar r ie r will start to 
form immediately after the stripping is carried out, as is evi-
dent from curve D of Figure V.4. When the entire epidermis is 
removed, this protection by temporary bar r ie r formation is 
postponed, as is shown in the relevant curve of Figure V.5 
(see also measurements of SPRUIT & MALTEN, 1966). If a crust 
forms at the beginning of the regeneration period, an exact de-
termination of the IWVL is usually impossible, as leakage of air 
between the rim of the measuring cup and the crust tends to oc-
cur . In a few cases , however, such a determination has succee-
ded. Both very high water vapor losses and very low water va-
por losses through crusts have been measured. From the slope 
of the upper curve of Figure V.5 , "T" , - such a high IWVL is 
always found following spontaneous removal of the crust - it 
may be concluded that the skin is still in the phase of the forma-
tion of a temporary bar r ie r (10 to 1 5 days after the severe inju-
ry) . The horny cell layer is parakeratotic and is shed by chap-
ping some days la ter . Thus it is seen, that the entire regenera-
tion process , following the removal of the temporary bar r ie r T , 
appears to be very much the same as the one dealt with just be-
fore (removal of only the horny layer) , except that the IWVL 
pers is ts for a much longer period (upper curve of Figure V.5). 
It is suggested that measurements of the IWVL maybe 
used after injury to the skin in order to determine the extent of 
the original injury. Reference to Figure V.5 shows that it is 
not even necessary to make these measurements immediately 
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af ter the in jury , s ince the r egene ra t ion follows a reproduc ib le 
pa t t e rn in each c a s e . The model of F igu re V.5 is based on s e -
v e r a l de terminat ions of the IWVL at many individuals (SFRUIT , 
1965; SPRUIT & MALTEN, 1965; 1966; 1968; MALTEN & 
S P R U I T , 1966; MALTEN et a l . , 1968; BAKER & KLIGMAN, 
1967; MATOLTSY et a l . , 1962). 
114 
C H A P T E R VI 
I N J U R Y B Y A L K A L I 
Summary 
The measurement of the r a t e of alkal i neu t r a l i z a -
tion (ANrate) of the skin has recen t ly been improved and can 
now be added to the so-ca l led alkal i neut ra l iza t ion tes t (AN-
test) and alkal i r e s i s t a n c e tes t (ARtest) which were in t rodu-
ced by BURCKHARDT (1935, 1947 r e s p e c t i v e l y ) . 
In the p re sen t work a number of exper iments were 
c a r r i e d out with this new technique , in p a r t i c u l a r to i nves t i -
gate the effect of the pH upon the ANra te . The r e s u l t s of t he -
se exper iments showed c l ea r ly that two independent p r o c e s s -
es were o c c u r r i n g . 
a: At pH values between 7 and 10, the ANrate was compa-
ra t ive ly low; it was about l inear ly re la ted to pH, and the skin 
suffered no permanent damage. These observa t ions suggest 
that the p r o c e s s occur r ing he re is simply the neut ra l iza t ion 
of CO~ t r anspor t ed through the sk in . 
b: At pH values above 11 , the ANrate was grea t ly i n c r e a -
sed; damage to the s tratum corneum was demons t ra ted . This 
p r o c e s s i s believed to be a d i r ec t reac t ion between OH ions 
and the mater ia l of the s t ra tum corneum. 
Additional exper iments were c a r r i e d out to i n v e s -
tigate the r egenera t ion of the wa te r b a r r i e r af ter exposure 
to high p H ' s . A good cor re la t ion was obtained with the r e s u l t s 
found af ter s t r ipp ing ; exposure to pH 11 .7 for 1 hour p rodu-
ced damage identical to that resu l t ing from total removal of 
The contents of this chapter will be published in "Current Problems in Dermatology", 
V o l . 3 . Courtesy of S . KARGER AG, Basel . 
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the s t ra tum corneum. Th i s c r i t i ca l pH was i nc r ea sed by a p -
plication of vase l ine . 
The skin adapted to a daily exposure to an injuring 
concentra t ion of the alkaline solut ion; an example of such an 
experiment is given. 
VI. 1 A L K A L I N E U T R A L I Z A T I O N T E S T 
A N D A L K A L I R E S I S T A N C E T E S T 
In the l i t e r a t u r e and in the rout ine tes t ing of the ab i l i -
ty of the skin to r e s i s t i r r i t a n t m a t e r i a l s , the so -ca l l ed alkal i 
neut ra l iza t ion tes t (ANtest) (BURCKHARDT, 1935) and the s o -
called alkal i r e s i s t a n c e test (ARtest) (BURCKHARDT, 1947) 
gained apprec iab le i n t e re s t for s e v e r a l y e a r s . BURCKHARDT 
s tandard ized the alkal i exposures empir ica l ly , and used as his 
c r i t e r i a e i the r the colour change of an indica tor or the deve lop-
ment of a c l inical ly d i sce rnab le skin l e s ion . He attempted to c o r -
r e l a t e the r e s u l t s of both tes t s with groups of pat ients suffering 
from var ious skin d i s e a s e s in o r d e r to check whether these t e s t s 
could be of any help in elucidat ing the pathogenic fac tors in the 
va r ious g r o u p s . The most important tes t conditions a r e p r e s e n -
ted in Table VI. A. 
In the alkal i neutra l iza t ion tes t (ANtest) a s proposed by 
BURCKHARDT in 1935, a small amount of 0 .006 N NaOH contacts 
the skin unt i l , a f ter a few minutes , a colour change of the Phenol-
phthalein indica tes the end of the f i rs t e x p o s u r e . The p rocedure 
is r epea ted on the same a r e a of skin 10 times in a l l . At the b e -
ginning of the exposure to NaOH the pH of the solution is about 
1 2 ; at the end it is 8 . 3 . The object of the experiment i s to d e t e r -
mine whether the skin maintains i t s capaci ty to neu t ra l ize this a -
mount of a lkal i within a ce r ta in time l imit . Cl inical ly this kind of 
exposure does not injure the sk in . By measurement of the wa te r 
vapor l o s s , however , SPRUIT & MALTEN (1968) demonstra ted 
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Table VI. A: 
C h a r a c t e r i s t i c s of alkal i neutra l iza t ion test (ANtest) and alkal i 
r e s i s t a n c e tes t (ARtest) . 
a lkal ine solution 
applied to the skin: 
(1 drop = 1/30 ml) 
pH at the beginning: 
tes t termination: 
c r i t e r i a : 
exposed skin a r e a : 
p r o c e d u r e 
to be r e p e a t e d : 
tes t r e s u l t good: 
, , , , normal : 
, , , . bad: 
l i t e r a t u r e r e f e r e n c e 
alkal i 
neutra l iza t ion test 
(ANtest) 
1 drop 1 /80 N NaOH 
+ 1 drop 
Phenolphthalein 
12 
at pH 8.3 
colour change 
, 2 6 cm 
10 χ 
al l within 5 minutes 





r e s i s t a n c e tes t 
(ARtest) 
1 drop 1/2 N NaOH 
13 
1 : after 10 minutes 
2: a f ter 2 x 1 0 min 
3: af ter 3 x 1 0 min 
skin r e a c t i o n 
3 χ 6 cm 
1 χ 
no skin r e a c t i o n 
n o . 3: + r e a c t i o n 
n o . 2: no r e a c t i o n 
n o . 3: ++ r e a c t i o n 
n o . 2: -v r e a c t i o n 
BURCKHARDT(1947) 
Combination of neutra l iza t ion and r e s i s t a n c e t e s t s : 
ANtest applying t h r e e different NaOH concentra t ions at 
t h r e e s i t e s of the skin (VERMEER et a l . , 1954). 
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that this exposure d o e s , in fact, sl ightly damage the wa te r b a r -
r i e r of normal , healthy skin . 
In the a lkal i r e s i s t a n c e tes t (ARtest) the init ial concen-
t ra t ion of the alkal ine solution is 80 times s t r o n g e r than in the 
ANtest . At the beginning of the e x p o s u r e , the pH of the alkali is 
about 1 3 : this is r ea l ly harmful to sk in . Because of the n e u t r a l i -
zing capaci ty of the sk in , the pH soon falls to lower va lue s . The 
tes t i s s imultaneously c a r r i e d out at th ree s i t es of the sk in . At 
the f i rs t s i t e , the tes t is not r epea ted and the alkal i exposed 
once only for ten minutes . No cl inical reac t ion (papules , v e s i -
c les) r e s u l t s from this ten minutes e x p o s u r e , even with a skin of 
low alkali r e s i s t a n c e . At a second tes t s i t e , the resu l t ing liquid 
is blotted from the skin and another drop of 0 .5 N NaOH applied 
to the same si te for ano ther ten minutes . Normal ly , no skin r e -
action (papules , ves ic les ) i s o b s e r v e d . However , a de l ica te skin 
may r e a c t s l ight ly . At a third s i t e , the r e su l t i ng liquid is again 
blotted from the skin and a third d rop of 0 .5 N NaOH applied to 
the same si te for yet another ten minutes . An eas i ly injured skin 
now r e a c t s ve ry c lea r ly and even a normal skin may r e a c t s l igh t -
ly . The r eac t i ons a r e judged by eye immediately af ter the t e s t , 
and again 24 hours l a t e r . 
In o r d e r to r educe the difficulty of i n t e rp re t ing and c o r -
re l a t ing the r e s u l t s of the ANtest and the ARtes t , a combination 
of both t e s t s was developed by VERMEER et a l . (1954). In the 
meantime s e v e r a l at tempts were made to develop a Potentiometrie 
t i t ra t ion (KOCH. 1939: P I P E R , 1943; MENEGHINI, 1960; L O T -
MAR, 1964; SPIER & B E I E R S D O R F F , 1964). However , it is on-
ly recen t ly that these at tempts have proved more success fu l ; a 
useful t i t ra t ion method was published by SCHUTTER (1965), 
soon followed by TRONNIER (1966) and by SPRUIT & MALTEN 
(1968), all i nves t iga to r s employing the same automatic t i t r a t o r 
of RADIOMETER ex Copenhagen. These inves t igat ions i n t rodu-
ced a new measurab le c h a r a c t e r i s t i c of the skin; the a lkal i neu-
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tralization rate (ANrate). 
VI.2.1 A L K A L I N E U T R A L I Z A T I O N R A T E 
The alkali neutralization rate (ANrate) is the rate at 
which the skin is able to change the pH value of an aqueous so­
lution placed upon the skin surface. As this rate is dependent on 
the pH of the solution, the measurement can only be carried out 
by titrating additional alkali to the solution in order to maintain 
a constant pH (so-called titration at pH-stat). The scheme of the 
instrumentation is represented in Figure VI. 1 . 
oooo 
о о о о о 
motor 
dr iv ing syringe 
r e c o r d e r 
ПижоГаІкоІ 
(ng equiv OH/cm 2 mm) 
βτ 
10 20 30 40 50 
time (mm) 
connecting rod 





o o o o 
inlet of 
C 0 2 - f r e e gas °u 
(mixing the solution) 
liquid at constant pH 
(pH stat) 
combined 
glass e lectrode - . ^ : 
Figure VI. 1: 
Scheme for the measurement of th? alkali neutralization rate 
(ANrate) at pH-stat. 
The pH of the liquid in contact with the skin is automa­
tically kept at a predetermined constant value. The pH is measu­
red by means of a glass electrode. If this pH decreases , a con-
119 
centrated alkaline solution is automatically driven from a buret­
te into the solution by a motor. The amount of titrated alkaline 
solution is recorded. The rate of addition of alkali which is nee­
ded to maintain a constant pH, is used as the criterion for the 
neutralizing capacity of the skin. In the initial period of about 5 
minutes the titration proceeds rapidly; during these first few 
minutes apparently some excess acid, present on the skin surfa­
ce, is neutralized. After this initial period a constant ANrate is 
obtained. A steady state can be recorded during an hour or more 
(at pH below 11.8). 
The titrated alkali per unit of time (during the steady 
state) has been called: 
a: "alkali neutralization capacity" by SCHUTTER (1965), 
b: "consumption of N'/lOOO NaOH c m - 2 h~1 " by TRONNIER (1 966), 
c: "alkali neutralization ra te" by SPRUIT & MALTEN (1968). 
2 It is determined in equivalents of alkali per cm skin and per min. 
Physically a flux of alkali is supplied to the solution above the 
skin in order to maintain the original pH. 
In the AN test, the ARtest, and the measurement of the 
ANrate, free exchange of gases with the environmental a ir is 
hampered because the skin is covered by an alkaline solution. 
Carbon dioxide is bound by the alkaline solution; this factor will 
be considered closely in some following paragraphs. 
VI. 2.2 A L K A L I N E U T R A L I Z A T I O N R A T E 
D E P E N D E N C E Ο Ν ρ Η 
The ANrate changes with variation of the pH-stat (Figu­
re VI. 2). The measurements of TRONNIER (1966), SCHUTTER 
(1967), and SPRUIT & MALTEN (1968), are not identical, though 
the differences are minor. The experimental circumstances of 
these investigations were different; SCHUTTER cleaned the skin 
of healthy volunteers in a standardized way with alcohol and with 
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HCl before each measurement , and r e p o r t s that the a lkal i flux 
i n c r e a s e d slowly and near ly l i n e a r l y at pH values from 8.5 to 
10, but more rapidly at h igher pH (10 .5) . The alkal i flux mea­
s u r e d by S P R U I T & MALTEN was only a l i t t le g r e a t e r andshow-
ed the same t r e n d , though they s tated that a g r e a t e r r a t e of 
change of the flux was observed at pH values above 11.2 in un-
( O H " ) - f l u x 
(ng.equiv. Ν α Ο Η / c m s k i n - m i n ) 
equivalence : 1 1.5 1.75 
Figure VI.2: 
The alkali neutralization rate (ANrate) of human skin in v ivo, e s ­
timated as a flux of alkali (OH - flux) at var ious va lues of the pH-
stat . Measurements of TRONNIER (1966), of SPRUIT & MALTEN 
(1968), and of SCHUTTER (1965, 1967). 
cleaned normal skin and somewhat h igher in vase l ine p r e t r e a t e d 
iikin ( F i g u r e V I . 2 , curve . - . - . - . ) . TRONNIER r e p o r t e d m e a s u ­
r e m e n t s on the skin of pate int s and healthy v o l u n t e e r s . The flux 
measured by TRONNIER was identical to the o t h e r inves t igators 
at pH 7 : however, it was somewhat g r e a t e r at pH values of 8 - 1 1 . 
and he did not r e p o r t a c l e a r discontinuity of the curve at high 
pH v a l u e s . Both TRONNIER (1966) and S P R U I T & MALTEN 
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(1 968) emphasize that the alkal i neut ra l i za t ion p r o c e e d s with a 
constant flux with r e s p e c t to t ime, not only at low pH, but a l so 
at a pH 12. 
At pH > 10.6 hydrogen bonds a r e broken in some smal l­
e r p r o t e i n s ; denatur ing of the more highly polymerized p r o t e i n s 
i s supposed to o c c u r above pH 11.5 (ERLENMEYER et a l . ,1968; 
ZIMMER, 1968). A pH of 11 .5 has been shown to be the minimum 
value which will damage the skin (MATOLTSY et a l . , 1968). 
Moreover j it has been demonstra ted by SPRUIT & MALTEN 
(1968) that the c r i t i c a l pH value of 11.2 at the discontinuity in 
the i r r a t e c u r v e s coincides with that r e q u i r e d to in jure the s k i n . 
It can t h e r e f o r e be concluded that a n o t h e r mechanism of the a l ­
kal i neut ra l i za t ion is involved at harmful pH values (>11 .5), com­
p a r e d with non-harmful pH values ( < 10). The p r e c i s e pH value 
at which this t r a n s i t i o n o c c u r s depends on a number of f a c t o r s , 
including individual v a r i a t i o n , s e a s o n a l f a c t o r s , p r e t r e a t m e n t , 
condition of the skin, e t c . . 
An acid pH i s not neut ra l i zed nor even changed by the 
skin a s es t imat ions of SCHUTTER (1967) have p r o v e d . 
VI. 2 . 3 A L K A L I N E U T R A L I Z A T I O N R A T E 
M E C H A N I S M A Τ L O W ρ Η ( 7 - 10 ) 
The r a t e of n e u t r a l i z a t i o n at pH 3.5 i s too low to be d e ­
termined ( S C H U T T E R , 1967), despi te the fact that the H+-ion 
concent ra t ion difference between the outside and the ins ide of 
the skin i s g r e a t e r at pH 3.5 than at h igher pH v a l u e s . T h e r e ­
f o r e , the H -ion does not permeate through the skin s ignif icant­
ly (as compared with the A N r a t e ) , and cannot contr ibute to the 
alkal i n e u t r a l i z a t i o n by subsequently r e a c t i n g with OH""-ions, 
unless the skin membrane is a l t e r e d in i t s c h a r a c t e r i s t i c s . 
N e i t h e r does the OH~-ion diffuse through the skin boun­
d a r y into the ins ide mil ieu. If it i s postulated that at pH 11 al l 
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alkal i were neut ra l ized by diffusion of OH~-ions into the i n t e r i o r 
—2 —1 
sk in , the ANrate being 30 ng equiv NaOH cm min (l ng equiv 
= 10 g equiv) , then the ANrate would have been 3 ng equiv 
-2 -1 -2 
NaOH cm min at pH 10 and only 0 .3 ng equiv NaOH cm 
min at pH 9 (see F igure VI. 2 , curve ) , because the r a t e 
is l inear ly dependent on the concentra t ion difference accord ing 
to F I C K ' s law of diffusion. T h e r e f o r e , the t r anspo r t of OH -
ions through the skin cannot contr ibute significantly to the AN-
r a t e . 
Many acid subs tances a r e p r e s e n t at the surface of the 
skin at the moment when the alkal i is applied to the sk in . These 
acid subs tances a r e neutra l ized by the alkal i and cause an in -
c r e a s e d ANrate at the beginning of the exper iment , as has been 
r e c o r d e d in the graph of F igure VI. 1 . This i nc reased ANrate 
p e r s i s t s for only five minutes . Acid valencies or iginat ing from 
the sweat (ROBERT & JADDOU, 1942; WOHNLICH, 1948), l a c -
tic acid (ZOON et a l . , 1956), amino acids (VERMEER et a l . , 
1954), water -soluble subs tances of the s tratum corneum (SPIER 
& PASCHER, 1956), and the prote in of the horny l a y e r i tself 
(BURCKHARDT, 1935; JACOBI, 1942; P I P E R . 1943: S C H U L -
Z E , 1943; SPIER & B E I E R S D O R F F , 1964) can all contr ibute to 
the i nc reased ANrate at the beginning of the measurement . They 
do not influence the ANrate after this ini t ial per iod (TRONNIER 
1966). Moreover , it has been shown that using cadaverous human 
skin of the back , the ANrate is l e s s than 0 .5 ng equiv NaOH 
- 2 -1 
cm min , thus providing confirmation of this t h e s i s . 
It has been postulated that CO_ cont r ibutes apprec iably 
to the alkal i neut ra l iza t ion (P IPER, 1943; S C H U L Z E , 1943; 
LOTMAR, 1964). It has been proved recen t ly by SCHUTTER 
(1967) that at moderate pH values (8 - 10.5) a lkal i neut ra l iza t ion 
is mainly the r e s u l t of t r anspo r t of carbon dioxide through the 
sk in . The contr ibution of CO_ to the neut ra l iza t ion p r o c e s s was 
est imated to be between 60 % and 98 ^ ; this became cons iderab ly 
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s m a l l e r at pH values above 10. The r e a c t i o n s which can take 
place when carbon dioxide p a s s e s from the skin and to the t i t r a ­
tion v e s s e l , a r e p r e s e n t e d schematical ly in F i g u r e VI. 3 . 
-OH"-
О L о 
" Я ? 
COy+H*^ H C O ¡ ^ ; H 2 C 0 3 ^ ^ : H 2 0 + C02 
@ © © / \ l iquid phase a t 
^ζ ] f skin s u r f a c e 
Na* OH" OH" Na* 
d ¡s 
H * 
skin boundary CO2 t ransport throug 
4  
Г i  r f 
i h i = i skin boundory 
skin i n t e r i o r 
СОз"+ Н+==^ H C O ¡ ^ ^ : h 2 C 0 3 ^ ^ H z O + C02 
Н
+ 
Figuro VI. 3: 
Aspects of the transport of carbon dioxide through the skin a r e : 
a : skin 's buffering capacity bv constant CO, flow is possible be­
cause of Us volatilization, step " a " ; 
b : skin 's nput rallying capacitv of alkali mav be realized as a r e ­
sult of l ho ludrntion о Г <~0- to carbonic acid, step " b " . 
At pi Ι Ί the t (sit I ion proceeds only to Η-,ΟΟ^: excess ССЦ simply 
\olatiLi/os nloriir " a " . At pH 8 the reaction proceeds as far as 
stop " 1 " : the oquivalonco of the neutralizing reaction of CO- be-
in^ ono. Al pH 10 the reaction proceeds along both step " I й and 
sto,) "2'*, as described in the text. 
The amount of a lkal i that has to be supplied to the t i t r a ­
tion v e s s e l in o r d e r to maintain a constant pH dur ing the t r a n s ­
por t of COp through the skin i s dependent on the pH. Thi s can 
be unders tood from the following c o n s i d e r a t i o n s . The constant 
for the neut ra l i za t ion of carbonic a c i d , pK 1 , i s about 6 and the 
constant pKp is about 10 (see F i g u r e s VI.3 and 4 ) . Thus equal 
amounts of H^CO- and HCO^ a r e p r e s e n t at pH 6, so that each 
two moles CO^ r e q u i r e one equivalent of a lkal i in o r d e r to main­
tain the pH at 6, and hence the a lka l i equivalence of the n e u t r a -
124 
l izat ion of 1 mole of CO« i s 0.5 at pH 6. At pH 1 0 ,equal amounts 
of HCO~ and C O T " a r e p r e s e n t , and 2 moles of CO» now r e q u i ­
r e 3 equivalents of a lkal i in o r d e r to maintain the pH at 10. The 
neut ra l i za t ion equivalence of 1 mole CO_ is there fore 1 .5 at pH 
10. In F i g u r e VI.4 the alkal i equivalence of CO- at constant pH 




Kigurp VI. 1: 
Alkali equivaloncp of the noutrah/.ation of one molecule of c a r ­
bon dioxide as a function of the pH-stat. 
It has been est imated that , on the a v e r a g e , the C O - l o s s 
2 from human skin is about 100 ml CO- gas p e r m skin and p e r h, 
—2 —1 
equivalent to 7 ng mole C O - cm min (SHAW & M E S S E R , 
1930: S C H U L Z E , 1943; ROTHMAN, 1954). The same amount of 
CO_ flux must o c c u r when the ANrate is determined at any p a r t i ­
c u l a r pH. At pH 8 the equivalence of the CO- neutra l iza t ion r e ­
act ion is about one, so that 7 ng mole CO- c o r r e s p o n d s to 7 ng 
equiv CO- o r OH~. This level is shown in F i g u r e VI.2 (equiv 1: 
НСОГ ) and c o r r e s p o n d s roughly to the r e s u l t s of the exper iments 
of S C H U T T E R , TRONNIER, and S P R U I T & MALTEN,mentioned 
b e f o r e . At pH 10 the equivalence of the C O - neut ra l i za t ion is a-
bout 1.5, so that the same 7 ng mole C 0 9 c o r r e s p o n d s to 1 0 . 5 n g 
equiv CO- o r O H - . This level is a l so indicated in F i g u r e VI.2 
a s i s the maximum level at an equivalence 2, c o r r e s p o n d i n g with 
14 ng equiv CO- o r OH~ (equiv 2: C O " ) . The measurements of 
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SCHUTTER and of SPRUIT & MALTEN fall within this darkened 
area between 7 and 1 4 ng equiv OH - of Figure VI.2 between pH 
7 and pH 10. From this it can be concluded that the ANrate atpH 
values up to 10 is mainly (or even exclusively) governed by the 
CO- flux from the skin, in agreement with the experimental ob­
servations of SCHUTTER (1967). The measurements of TRON-
NIER (1966) do not deviate appreciably up to pH 9;however, they 
tend to be increased above the measurements of the other inves­
tigators at higher pH (9 - 10). 
VI.2.4 A L K A L I N E U T R A L I Z A T I O N R A T E : 
M E C H A N I S M Α Τ ρ Η ( 10 - 11.5 ) 
Theoretically the CO_ flux from the skin should cause 
the ANrate at pH 11.5 to be only a little increased above the neu­
tralization rate at pH 10, as the equivalences of the reaction are 
respectively about 1 .9 and 1.5. However, a much greater increa­
se in the ANrate i s , in fact, found at higher pH values in this 
range. The CO_ flux from the skin cannot therefore be the only 
factor governing the ANrate. 
Contrary to the agreement in results of SCHUTTER 
(1965), TRONNIER (1966) and SPRUIT & MALTEN (1968) at pH 
7 - 1 0 , these investigators differ significantly in their results at 
pH 10 - 11 . 5 , as is evident from Figure VI.2. SCHUTTER did 
not investigate at pH above 10.5 because it would injure the skin. 
SPRUIT & MALTEN indicated that the skin was not visibly inju­
red at pH values up to 11.2 and showed that the effects of the da­
mage started above this pH value. Both SCHUTTER and SPRUIT 
& MALTEN showed that the pretreatment and the condition of the 
skin are important factors in the measurement of the ANrate at 
higher pH values. SCHUTTER (1967) demonstrated that not only 
carbonates are found in the solution covering the skin; soluble 
reaction products result from the contact of the skin with the 
126 
more alkaline solution. The mechanism of the ANrate is no long­
e r a simple neutralization but s tarts to include chemical changes 
of the stratum corne urn. The different results of the various au­
thors in this higher pH range may thus originate from different 
ways of pretreatment of the investigated skin and its condition 
prior to the measurement. 
VI.2.5 A L K A L I N E U T R A L I Z A T I O N R A T E 
M E C H A N I S M A Τ H I G H ρ Η > 11 .5 
At pH 11.5 and higher, the ANrate r i ses still more r a ­
pidly, and the skin is usually visibly damaged by the alkaline so­
lution after an hour's exposure. The ANrate is still a constant 
function of time, however, up to pH 12. Above pH 12 the measu­
rement becomes increasingly difficult, as blisters appear within 
a period of an hour. 
The results indicate that the alkali is reacting with the 
horny layer material. The chemical change results in a skin bar­
r i e r of higher permeability as is evident from the increased wa­
ter vapor loss . It seems possible that in this pH range the AN­
rate is determined mainly by the rate of this reaction between 
OH -ions and the horny layer material. Obviously some CO_ 
transport still occurs, but it is hardly likely that it increases 
sufficiently to make an appreciable contribution to the observed 
values of ANrates at pH values over 11.5. 
The horny layer material can be screened from the in­
juring influence of the alkali to some extent, e .g . by a thin film 
of vaseline, which causes a reduction of the ANrate (see Figure 
VI.2, curve . - . - . - . ) . 
VI.3.1 A S S E S S M E N T O F T H E I N J U R Y 
BY A L K A L I B Y M E A N S O F T H E 
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A L K A L I R E S I S T A N C E T E S T 
In the ARtest the skin i s injured by a s tandard ized 
technique, a s indicated in Table VI. A, and d e s c r i b e d in Sect ion 
VI. 1 . The amount of alkal i applied to the skin in the ARtest has 
been i n c r e a s e d to such an extent that a r e a s o n a b l y s h o n exposu­
r e to alkal i is capable of producing an in jury. The injury beco­
mes cl inical ly vis ible in a shor t time and is judged qual i ta t ive ly . 
The histological r e a c t i o n has r e c e n t l y been d e s c r i b e d by BAND-
MANN (1968). The influence of the p r e t r e a t m e n t of the skin is 
not very important because the a lkal ine solution i s applied t h r e e 
t imes . 
VI. 3.2 A S S E S S M E N T O F T H E I N J U R Y 
В Y A L K A L I В Y M E A N S O F T H E 
I N C R E A S E O F T H E W A T E R V A ­
P O R L O S S 
When alkal i is applied to the skin, i ts w a t e r vapor loss 
i s i n c r e a s e d a s soon a s the w a t e r b a r r i e r (located in the horny 
layer) is in jured. The i n c r e a s e of the w a t e r vapor l o s s (IWVL) 
can t h e r e f o r e be an indication of the d e g r e e of the injury. S u p ­
plementary information can be obtained from w a t e r vapor l o s s 
measurements dur ing the r e g e n e r a t i o n of the injured sk in, a s 
became evident from the r e s u l t s of C h a p t e r V . T h e IWVL was 
m e a s u r e d daily for at l eas t a month. Some of these measurements 
a r e i l l u s t r a t e d graphica l ly in F i g u r e VI. 5. F o r the sake of c l a ­
r i ty the individual points have been omitted from this g r a p h . 
The exper iments of F i g u r e VI. 5 a r e the same ones a s 
those of F i g u r e V I . 2 , curve " S P R U I T " . The skin has been ex­
posed to alkal i for 1 hour and the IWVL est imated one day l a t e r 
and at dai ly i n t e r v a l s a f t e r w a r d s . An exposure to a lkal i at pH 
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Increase of the w a t e r vapor loss above the normal value {I WVL) 
(mg w a t e r / c m 2 sk in · h) 
Figur** Vΐ. 5 : 
Regeneration of forearm skin following an exposure to a .solution 
at the indicated pH for one hour, as estimated from the increase 
of the water vapor loss (IWVL) of the skin. The extent of the in­
jury can be estimated by extrapolating to time 0 from a curve r e ­
cording the formation of a "final" b a r r i e r ( " F F " and " F " ) , "Tem­
porary" b a r r i e r formation is indicated by " T " . The gray area in­
dicates the result of an injury equivalent to the complete removal 
of the stratum corneum, and was achieved by exposure to pH-
stat 11 .75 for one hour. The injury resulting from other pH-stat 
exposures is indicated by relevant recordings of the IWVL. 
(Figure derived from a publication in Berufsdermatosen 16: 
11-24, 1968) 
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11.3 was shown to cause an ini t ial IVVVL of 0 .10 mg cm h ; 
an ident ical effect to that obtained by s t r ipping half the horny 
l aye r with adhesive t ape . When this same skin was subsequently 
exposed to wa te r for 2 hours on the day af ter the alkaline injury 
was c a r r i e d out, the measurements r e su l t ed in the curve "pH 
11 .3 + hydra t ion" . This addi t ional , normally non-injuring expo-
s u r e caused a s e v e r e injury to the sk in , co r respond ing to an ex -
—2 —1 
t rapola ted IVVVL (at time 0) of 0 .30 mg cm h . The r e g e n e r a -
tion of the skin i s c l ea r ly r e t a rded for ten d a y s . 
The skin was a lso exposed to alkali for 1 hour at pH 
11 . 7 5 . and the IWVL measured the next day and on s e v e r a l fol-
lowing d a y s . It i s seen from curve " F F " that exposure to a lkal i 
-2 -1 
at this pH caused an ini t ial IWVL of 2 .00 mg cm h . This d e -
g ree of injury and the subsequent r egene ra t ion r a t e a r e both i -
dent ica l to those obtained af ter complete removal of the horny 
l aye r (and maybe a pa r t of the s tratum granulosum) by s t r ipping 
the skin with adhes ive t ape : this has been indicated by the gray 
a r e a of F igu re VI. 5. 
Measurements of the IWVL dur ing the f i rs t four days 
a r e often much inc reased above the values of cu rves such as "F", 
and instead follow curve " T " . The same phenomenon has been 
desc r ibed following the s t r ipping of the horny l a y e r . The very 
high IWVL again induces the formation of the so -ca l l ed " tempo-
r a r y " b a r r i e r , pa r ake ra to t i c in na ture (see Chapte r V), which 
is shed in s c a l e s about five days a f t e r w a r d s . After the shedding 
of this t emporary b a r r i e r , "final" l aye r formation r e s u l t s as b e -
fo re . 
At pH 11 .95 b l i s t e r s r e s u l t when the a lkal i i s exposed 
for 1 hour . The b l i s t e r ed skin r e g e n e r a t e s with the same speed 
as a temporary b a r r i e r formation (identical slope of the c u r v e ) . 
Again, the deg ree of the injury is r e la ted to the final b a r r i e r 
formation. An IWVL, ext rapola ted to time 0 , i nc r ea sed above 5 
-2 -1 
mg cm h , indicates that the injury extended at leas t to the 
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Stratum spinosum. 
VI.4 R E S P O N S E O F T H E S K I N Τ О 
R E P E A T E D I N J U R Y В Y A L K A L I 
The skin can get used to exposures of a l k a l i . In o r d e r 
to invest igate such an adaptation the skin has to be exposed s e ­
v e r a l times to the alkal ine agent . An identical exposure to the 
same amount and concentrat ion of a lkal i may be r e p e a t e d each 
day for about a week o r m o r e . Such invest igat ions have been 
c a r r i e d out by S P R U I T & MALTEN (1968); F i g u r e VI. 6 is d e r i ­
ved from this r e p o r t . In this experiment the same volunteer was 
exposed to 0 .03 N NaOH (not at pH-sta t ) for one hour each day 
immediately following a measurement of the IWVL at the exposed 
s i te of the s k i n . All e x p o s u r e s to this alkal i t reatment r e s u l t e d 
in the same ultimate in jury, whether the invest igat ions were c a r ­
r ied out in summertime (August) o r in autumn (October) , a s i s 
seen from the final b a r r i e r r e g e n e r a t i o n curve " F " . Whether 
the skin was exposed six times o r nine times made no difference 
e i t h e r ; the addit ional t h r e e e x p o s u r e s did not aggravate the i n ­
j u r y . Yet t h e r e i s a marked difference between the summer-skin 
and the autumn-skin of this volunteer as far a s the r e a c t i o n to 
the f i rs t e x p o s u r e s to the a lkal i i s c o n c e r n e d . Under the envi­
ronmental condit ions of August 1966 a " t e m p o r a r y " b a r r i e r ( "T") 
was formed following a high init ia l IWVL. Such temporary b a r ­
r i e r formation is not evident from the c u r v e s of October 1966. 
S u r p r i s i n g l y , however , sca l ing of the skin following the exposu­
r e s did, in fact, o c c u r in O c t o b e r . A p a r a k e r a t o t i c skin b a r r i e r 
was formed, and this b a r r i e r l a y e r impeded addit ional injury by 
r e p e a t e d e x p o s u r e s to the a l k a l i . This impedance to addit ional 
injury can be c o n s i d e r e d a s a r e s p o n s e of the skin to changed 
environmental c i r c u m s t a n c e s . The injury caused the formation 
of a mechanical ly i n f e r i o r , eas i ly sca l ing sk in, which, however , 
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physiological ly improved the protect ion agains t a repeated in-
sult by the a lka l i . 










^ — X — exposure at 6 days, aug 1966 
^—A—— exposure at 6 days, oct 1966 
exposure at 9 days, oct 1966 
5 10 16 20 
time after last exposure to NaOH (days! 
Figi're VI. 6: 
Injury to and regenerat ion of the water b a r r i e r of forearm skin 
2 
after exposure to O.S ml 0 . 0 3 N NaOH per cm skin for one hour 
on s u c c e s s i v e d a y s . Final barr i er formation ("F") was identical 
in different ambient c i rcumstances : temporary barr ier formation 
("T") shows c l ear adaptation of the skin to subsequent alkali e x -
posures in August. 
(Figure derived from a publication in Berufsdermatosen 16: 
1 1 - 2 4 , 1968) 
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C H A P T E R VII 
I N J U R Y B Y O R G A N I C M A T E R I A L S 
Summary 
The horny l aye r must pro tec t the skin agains t the 
en t rance of harmful s u b s t a n c e s . In this Chapte r it has been 
shown that measurements of the wa te r vapor los s dur ing and 
af ter r epea ted exposures to such subs tances may be used to 
obtain information about the pro tec t ive qua l i t i es of the horny 
l a y e r dur ing such an attack and dur ing the following r e g e n e -
rea t ion pe r iod . 
Human skin was exposed in vivo for one hour on 6 
succes s ive days to e thanol , e thy lace ta te , methylethylketone. 
toluene and for 15 minutes on 6 success ive days to ace tone , 
chloroform, t r i ch lo re thy lene , dimethylsulf oxide and rect i f ied 
light benz ine . These exposures r e su l t ed in damage to only the 
horny l a y e r ; the effect of the las t two solvents was more s e -
v e r e than that of the o t h e r s . Following a more s e v e r e injury 
the skin r e sponds with the formation of a " t emporary b a r r i e r " 
exact ly a s was desc r ibed in prev ious s e c t i o n s . 
Six daily one hour exposu re s to 13.5 % and to 18 
"fo phenol concent ra t ions in resorc ino l - fo rmaldehyde r e s i n r e -
sulted in the same injury as exposu re s to 2 $ aqueous phenol 
o r 0 .03 N NaOH. Exposure to 1 8 $ phenol in r e s i n r e su l t ed 
in the formation of a more effective temporary b a r r i e r than 
13.5 fy phenol in r e s i n . The pro tec t ive adaptat ion, however , 
failed when the phenol concentrat ion apprec iab ly s u r p a s s e d 
18 $ . The p rac t i ca l implication of these f indings, pa r t i cu la r ly 
The contents of this chapter have been published in Beruisdermatosen 16: 135-147 (1968). 
Courtesy of the editor of this journal. 
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a s applied to occupational h a z a r d s in i n d u s t r y , have been 
d i s c u s s e d . 
VILI I N J U R Y Β Y O R G A N I C S O L V E N T S 
S o l v e n t s , whether p o l a r o r nonpolar , o r both p o l a r 
and n o n - p o l a r , e x t r a c t soluble s u b s t a n c e s from the skin 
(SCHOENHERR, 1961; ROMITI & S Z A K A L L , 1964; BULLOUGH 
& LAURENCE, 1964). As a consequence e spec ia l ly the col loidal 
s t r u c t u r e of the skin i s changed and the w a t e r content of the h o r ­
ny l a y e r influenced by ambient a tmospher ic c i r c u m s t a n c e s , r e ­
sul t ing in a more eas i ly chapped horny l a y e r . Until r e c e n t l y , on­
ly c l in ica l observa t ions could be used to study the effects of the 
v a r i o u s i n d u s t r i a l s o l v e n t s . 
By m e a s u r i n g quantitat ively the damage to the w a t e r 
b a r r i e r function and i t s subsequent r e g e n e r a t i o n , a b e t t e r insight 
into the consequences of exposure to v a r i o u s so lvents can be ob­
t a i n e d . In o r d e r to imitate as far a s poss ib le the typica l , r e a l - l i ­
fe c i r c u m s t a n c e s , the skin of the v o l a r a spect of the forearm of 
a vo lunteer was exposed to the solvent on each of 6 s u c c e s s i v e 
d a y s , in the same way in which the skin was exposed to an a lka­
line solution (Sect ion VI. 4 ) . The non-polar solvents w e r e app l i -
2 
ed to the skin in g las s cy l inders with an opening of 2 cm , fixed 
to the skin by a g a r gel ; the p o l a r solvents were applied to the 
skin in p las t ic c y l i n d e r s , fixed by nobecutane, l ike the NaOH 
(see C h a p t e r V). The contact time for e thanol , e t h y l - a c e t a t e , 
methyl-ethyl-ketone (МЕК) and toluene was 60 minutes p e r day; 
for a c e t o n e , chloroform, t r i - c h l o r - e t h y l e n e (TRl) , rect i f ied light 
benzine and di-methyl-sulfoxide (DMSO) it was 1 5 minutes p e r d a y . 
A number of s i t e s to be exposed to solvents w e r e m a r k ­
ed on the vo lar a s p e c t of the forearm by c i r c l e s with a ballpoint 
pen and a few p a r a l l e l s i t e s marked a s c o n t r o l s . The d e t e r m i n a ­
tion of the normal w a t e r vapor l o s s of all these s i t e s p r e c e d e d 
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the exposure to solvents. The next day, these measurements we­
r e repeated in order to determine the increase of the water va­
por loss (IWVL) resulting from the exposure. Thereafter, subse­
quent exposures were carried out until a total of six exposures 
was completed. 
increase of the water vapor loss (mg water/xm · h) 
0 5 10 15 20 25 30 
time after last exposure to toluene (days) 
Figure VII.1: 
Injury to and regeneration of forearm skin after exposure to 
toluene for one hour on six successive days. 
The investigation of the injury and the regeneration of 
the skin following exposures to toluene (Figure VII.1 ) and to etha­
nol (Figure VII. 2) have been carried out and represented in the 
same way as before (Chapters V and Vi). It can be concluded from 
these graphs that the horny layer of the skin of the two younger 
volunteers В and dK had to be renewed completely. Some diffe­
rence was observed between the effects of the non-polar toluene 
and the more polar ethanol with respect to the temporary b a r r i e r 
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formation; this was more evident a f ter exposure to to luene. The 
o l d e r vo lunteer , M, r e a c t e d differently to the younger o n e s , e s ­
pecia l ly in that the toluene was l e s s d e s t r u c t i v e to his s k i n . T o ­
luene did not in jure the horny l a y e r of this subject at a l l ; e t h a ­
nol, however , r e s u l t e d in slight damage. 







0 5 10 15 20 25 30 
time after laet exposure to ethanol (days) 
Figure VII.2: 
Injury to and regenerat ion of forearm skin after exposure to 
ethanol for one hour on s ix s u c c e s s i v e days . 
E x p o s u r e to e thylacetate and methylethylketone r e ­
sul ted in in jur ies s i m i l a r to those caused by e t h a n o l , and with 
the same kind of r e g e n e r a t i o n . 
It has been demonstrated that dimethylsulfoxide (DMS 
θ ) i n c r e a s e s the p e n e t r a t i o n of s e v e r a l s u b s t a n c e s through the 
skin (KLIGMAN, 1965; SWEENEY et a l . , 1966). DMSO has even 
been used therapeut ica l ly b e c a u s e of this effect. F o r s a f e t y ' s 
s a k e , the dura t ion of the exper imental exposure was t h e r e f o r e 
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volunteer В ,21 y e a r s old 
volunteer ¿К,21 y e a r s old 
volunteer M ,46 y e a r s old 
limited to 1 5 minutes instead of the usual 60 minutes. In spite of 
this limitation, the injury appeared to be quite severe »especially 
on the skin of the younger volunteers (Figure VII.3). DMSO will 
presumably increase the penetration of other substances because 
of the damage which is caused to the stratum corneum. If this is 







0 5 10 15 20 25 30 
time after last exposure to DMSO (days) 
Figure VII.3! 
Injury to and regeneration of forearm skin after exposure to 
dimethylsulfoxide (DMSO) for 15 minutes on 6 successive days. 
so, the extent of this increase will not be predictable, as the two 
older volunteers M and S showed much less injury to their skin 
following the exposure to DMSO than the two younger volunteers 
В and dK. 
The exposure to rectified light benzine (often used for 
cleaning the hands in the engineering branch) resulted in macros-
copically visible injury to the blood-vessels (petechiae), although 
the exposures were limited to 15 minutes per day. The exposures 
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were followed by the formation of a temporary b a r r i e r , decrea­
sing the water vapor loss very effectively (Figure VII. 4). This 
temporary b a r r i e r lasted quite a long time, and the water vapor 
loss was not only very effectively limited during the first week 
after the exposures, but sometimes it was even less than the con­
trols (see Figure VII.4; values at 4, 5 and 6 days after the last 
exposure). However, as soon as the temporary bar r ie r was shed 
(about 10 days after the last exposure to the solvent), the final 
b a r r i e r showed a normal regeneration pattern.Not all volunteers, 
however, behaved like the one of Figure VII.4. 
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Figure VII. 4: 
Injury to and regenerat ion of Іогеалп skin after exposure to 
rect i f ied light benzine for 15 minutes on 6 s u c c e s s i v e d a y s . 
Exposures for 1 5 minutes to chloroform and trichlor-
ethylene resulted in injuries equal to, or somewhat higher than, 
those of 1 h o u r ' s exposure to ethanol, and were followed by the 
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same kind of r e g e n e r a t i o n . The e x p o s u r e s for 15 minutes to a c e ­
tone produced very l i t t le effect; the IWVL did not s u r p a s s 0.5 
mg w a t e r cm h 
VII. 2 C O M P L I C A T E D I N J U R Y В Y A N 
I N D U S T R I A L H A R D E N I N G C H E ­
M I C A L 
Following 6 e x p o s u r e s of 1 hour each day for 6 s u c c e s ­
sive days (the s tandard ized injury), s imi lar r e s u l t s were obta i­
ned following the application of: 
a: 0 .03 N NaOH, 
b : 2 % phenol in w a t e r solution, and 
c: 1 5 "fo phenol in resorc inol- formaldehyde r e s i n . 
From this simple statement it is obvious that a protec t ing influ­
ence is afforded by the resorc inol- formaldehyde r e s i n . Whether 
this i s r e l a t e d to the d i s t r ibut ion coefficient of phenol between 
the skin and the r e s i n (see BLANK, 1964) o r due to the formation 
of a protect ive r e s i n l a y e r over the horny l a y e r cannot yet be 
concluded. 
The injury to the skin and i ts r e g e n e r a t i o n following 
exposure to two different phenol c o n c e n t r a t i o n s in the r e s o r c i n o l -
formaldehyde r e s i n , 13.5 $ and 18 5fc, is r e p r e s e n t e d in F i g u r e 
VII. 5 in the usual way. T h e s e exper iments w e r e c a r r i e d out up­
on the forearm of two vo lunteers of the same a g e . 21 y e a r s old. 
Both exper iments r a n a s imi lar c o u r s e . 
The f irst 2 o r 3 e x p o s u r e s did not r e s u l t in an i n c r e a ­
se of the w a t e r vapor l o s s ; on the c o n t r a r y , the w a t e r vapor l o s s 
even sl ightly d e c r e a s e d . The well-known effect of s w e a t - p o r e 
c l o s u r e by phenol and the influence of the r e s i n on the stratum 
corneum may both have contr ibuted to this d e c r e a s e (üOBSON & 
LOBITZ, 1957). Though these f irs t exposures seemed harmless . 
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they certainly were not. This was confirmed in another experi­
ment, in which only two exposures sufficed to obtain an injury of 
the horny layer; the damage, however, became obvious onlyafter 
a latent period of about 2 weeks. During the last few of the six 
exposures to phenol in resin, the water vapor loss increased 
most at the site exposed to the higher (18 fc) phenol concentra­
tion. 
increase of the water vapor loas (mg water/cm 2 - h ) 
О 5 10 15 20 25 30 
time after las t exposure to phenol ( d a y s ) 
Figure VII.5: 
Injury to and regeneration of forearm skin after exposure to 
industrial phenol in resorcinol-formaldehyde resin for one 
hour on 6 successive days. 
From the curves obtained at the concentration of 1 8 $ 
phenol in resin, it is obvious that a temporary b a r r i e r laver was 
formed; the regeneration proceeded very rapidly, immediately fol­
lowing the exposures. The temporary barr ier was shed after one 
or two weeks. The temporary bar r ie r formation using a concen­
tration of 13.5 % phenol in resin was not so evident as in the case-
of the higher phenol concentration, although even at the lower 
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concent ra t ion the cu rves indicate some degree of b a r r i e r forma-
t ion. 
The final b a r r i e r formation occur r ing af ter exposure 
to both concen t ra t ions , 13.5 9= and 18 9? phenol in r e s i n , was 
ident ical after the temporary b a r r i e r s had been shed . It appea r s 
obvious that the formation of a more effective temporary b a r r i e r 
l aye r at the h igher phenol concentra t ion had prevented a more 
s e v e r e final injury of the skin . The temporary b a r r i e r formation, 
t h e r e f o r e , can be cons idered as an effective r e s p o n s e of the skin 
to the at tack by a chemical , when the concentra t ion of the chemi-
cal i s sufficiently high. 
In these exper iments the skin was r i n sed with t a p -
wa te r immediately following the exposure to the phenol in r e s i n 
solut ion, thus obviating s t r ipping of the skin by the hardened 
r e s i n . In occupational c i r c u m s t a n c e s , s i tuat ions a r e common in 
which the r e s i n remains upon the skin for many hours and " c u r e s " 
on the skin before it is removed; in this way the skin will be 
s t r i p p e d . Complaints from workmen a f t e rwards a r e ve ry u n d e r -
s t andab le . It there fore s u r p r i s e s tha t , under ce r t a in c i r cum-
s t a n c e s , a 1 9 °i° phenol concentrat ion in resorc ino l - fo rmaldehyde 
has been used occupationally without causing any complaints . In 
this c a se the r e s p o n s e of the skin by the formation of a t empora-
r y b a r r i e r i s presumably a sufficient p ro tec t ion . This r e s p o n s e 
of the skin is i t s na tura l defence and may be accepted as such . 
A 22 °fc phenol in r e s i n concentra t ion was found to be 
n e c e s s a r y by another indus t ry for a new application of the m a t e -
r i a l . A shor t time af ter the production had s t a r t e d , complaints 
v e r e r e c e i v e d . It i s therefore evident , that in occupational a s 
well a s in exper imental c i rcumstances a c r i t i ca l concentra t ion 
r ea l ly e x i s t s , which should not be s u r p a s s e d , without pro tec t ive 
m e a s u r e s . 
In an experimental exposure to 22 $ phenol in r e s i n 
for one hour on each of two success ive days a sl ight i n c r e a s e 
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of the water vapor loss was observed on the day following the 
first exposure, and a decrease of the water vapor loss was ob-
served on the day following the second (and final) exposure. At 
this time and the next day, no injury was evident from the mea-
surements. However, by the following day the injuring effect of 
this 22 % phenol concentration manifested itself very clearly, 
-2 -1 
with an IWVL of 1 .0 mg cm h ; this afterwards regenerated 
following the final ba r r ie r pattern. Thus, compared with expo-
sures to 13.5 f» and 18 $ phenol in resin (Figure VII.5), this in-
jury manifested itself ear l ier , and it would undoubtedly have been 
been more severe, if the daily exposures had been continued for 
more than two days. The critical value of the phenol in resin 
concentration has thus been surpassed also under the experimen-
tal conditions. 
A pretreatment of the skin with vaseline proved to ha-
ve a protecting effect during the two exposures to 22 $ phenol 
in resin and for at least two weeks afterwards. Obviously the 
protection of the skin can be improved. 
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S A M E N V A T T I N G 
I Sinds vele jaren heeft men diverse faktoren nagegaan, 
die van invloed zijn op het verlies van waterdamp door de huid. 
Om een goed begrip van de daarmede samenhangende verschijn-
selen te verkrijgen is het noodzakelijk om op de hoogte te zijn 
van onderzoekingen, die aan synthetische en andere biologische 
membranen zijn verricht . Dergelijke onderzoekingen zijn in het 
eerste hoofdstuk ter sprake gebracht. 
De grootte van het transport door een bepaalde membraan 
wordt, behalve door de concentratie- of drukgradiënt, bepaald 
door de soortelijke eigenschappen van het membraan, haar per -
meatie coëfficiënt. De invloed van de temperatuur, de absorptie 
van water (zwelling), en andere physische en chemische eigen-
schappen, die de permeatie beïnvloeden, worden in het eerste 
hoofdstuk besproken. 
II E r is een kort overzicht van de beschikbare methoden 
gegeven, waarbij ook de argumenten worden genoemd, die aan-
leiding waren voor de ontwikkeling van een nieuwe meetmethode 
voor de bepaling van het verlies van waterdamp door de huid. 
Deze maakt gebruik van een warmtegeleidbaarheidscel als gevoe-
lig element voor het aantonen van de hoeveelheden water. De keu-
ze van een warmtegeleidbaarheidscel of katharometer berustte 
grotendeels op de wens om een methode te verkrijgen, waarbij 
de meting wordt verricht in de normale, vochtige lucht van de om-
geving. Op deze wijze kan een meting sneller worden uitgevoerd, 
omdat de huid niet aan een andere atmosfeer behoeft te gewennen. 
Daarnaast kunnen invloeden van verandering van vochtgehalte van 
de atmosferische omgeving worden bestudeerd. 
Er werd een warmtegeleidbaarheids-mikro-cel toegepast, 
die door de amerikaanse firma GOW MAC (vertegenwoordigende 
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firma in Neder land: Becker Delft NV) in de handel wordt geb rach t . 
Het schema en de werkwijze voor de bepaling van het wa te rdamp-
v e r l i e s door de huid zijn in het tweede hoofdstuk b e s p r o k e n . Het 
i s gebleken, dat de gevoeligheid van de cel voor het aantonen 
van waterdampversch i l l en in de lucht zo groot i s , dat meting op 
s lech ts één cm onderarm-huid van de mens kwantitatief moge-
lijk i s . De lucht wordt hierbi j met een snelheid van 10 ml p e r 
minuut door een op de huid geplaats t kapje gevoe rd . Hoewel men 
op grond van gegevens uit de l i t e r a t u u r ande r s zou kunnen v e r -
wachten, blijkt de gevoeligheid van het instrument gelijk bij elke 
vocht igheidsgraad van de lucht , zelfs voor droge lucht met s lech ts 
1 "/o r e l a t i eve vocht igheid. Dit vergemakkeli jkt de werkwijze voor 
de snel le bepal ing . 
Enige methoden t e r ijking van de gevoeligheid van het 
a p p a r a a t , zowel d i rek te a ls ind i rek te methoden, werden toege-
p a s t . De gevoeligheid blijkt ongeveer 0f7 volt p e r gram wa te r 
pe r l i t e r lucht te bed ragen . E r werd een n ieuwe, eenvoudige, 
d i r ek te methode ontwikkeld, omdat de bes taande methoden niet 
aan de ges te lde e i sen voor z e e r kleine voch t ighe idsverander ing-
en voldoen. In de prakti jk kan de u i ts lag van het instrument 
kwantitatief worden vergeleken met die van een e lek t ro ly t i sche 
wa te r a n a l y s a t o r . Een dergel i jke vergel i jk ing werd tevens g e -
bruikt om te con t ro le ren dat de u i t s lag van de warmtege le idbaa r -
he idsce l bij meting aan de huid inderdaad be t rekking heeft op het 
w a t e r v e r l i e s door de huid en niet noemenswaard wordt beïnvloed 
door andere stoffen, zoals bi jvoorbeeld kooldioxyde. 
2 Een meting van het w a t e r v e r l i e s door één cm huid kan 
in normale vochtige omgevingslucht worden ui tgevoerd in twee 
minuten. 
III De p laa t s van de b a r r i è r e van de huid tegen w a t e r v e r l i e s 
i s gelegen in de bui tenste l aag , de hoorn - l aag of s tratum corne urn. 
Deze hoorn-laag, die ongeveer 0 ,02 mm dik i s , kan laagsgewijze 
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worden verwi jderd door hem weg te s t r ippen met behulp van c e l -
lo tape . Wanneer de gehele hoornlaag van de huid is a fges t r ip t , 
blijkt de r e s u l t e r e n d e weers tand van de huid tegen ve r l i e s van 
wa te r tot op minder dan het honderdste deel te zijn afgenomen, 
en s lech ts 0 ,6 sec /cm te bedragen . Deze weers t and blijkt gelijk 
te zijn aan de weers tand tegen ve r l i e s van waterdamp uit een op-
loss ing van albumine. 
De weers t and van de w a t e r b a r r i è r e van gezonde o n d e r -
armhuid voor ve r l i e s van waterdamp is ongeveer 300 tot 1 50 sec 
pe r cm. Ook voor v loe ibaar wa te r i s deze weers tand zo g roo t . 
Men kan de h u i d b a r r i è r e tegen v e r l i e s van wa te r dus ger ich t 
denken tegen het t r anspo r t van watermolekulen. ongeacht de pha-
s e . 
De weers tand tegen verdamping van wa te r door een laag 
n-hexadecaan is gemeten met behulp van een e lek t ro ly t i sche wa-
t e r ana ly sa to r , zoals ook voor meting van het w a t e r v e r l i e s door 
de huid wordt gebru ik t . Het n-hexadecaan kan a l s ijkstof worden 
gebruikt voor dergel i jke metingen aan andere stoffen, die voor 
applikat ie op de huid therapeut i sch of voor andere doeleinden 
worden toegepas t . Het n-hexadecaan is in de handel in z e e r zu i -
ve re vorm ve rk r i j gbaa r en haar weers tand tegen w a t e r t r a n s p o r t 
i s bekend. Op dezelfde wijze is ook de weers tand tegen verdamp-
ing van water door vase l ine gemeten, omdat deze stof wordt toe -
gepast wegens zijn occlus ieve e igenschappen. Haar weers tand 
tegen verdamping bleek 600 sec /cm te bedragen voor een 0,01 mm 
dikke l aag . Het afdekkend effekt van vase l ine is vervolgens na -
gegaan door wate rdampver l ies metingen aan huid van de onde r -
a r m , voordat en nadat daa rop vase l ine was aangebrach t . Uit de 
experimenten bli jkt , mede door berekening van r e s u l t a t e n , dat 
de vasel ine waarschi jnl i jk niet a l s een overa l even dikke laag 
uniform op de huid aanwezig i s . De faktoren. die de uitkomsten 
van deze experimenten kunnen beïnvloeden, zijn besp roken . 
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IV Het v e r l i e s van w a t e r door de menseli jke huid i s g e r i n g ­
e r , w a n n e e r het vochtgehalte van de omgevende lucht g r o t e r i s . 
De r e l a t i e van beide faktoren volgt e c h t e r niet de wet voor de 
diffusie volgens F I C K . De d o o r d r i n g b a a r h e i d of permeabi l i te i t 
van de huid voor w a t e r i s niet konstant en onafhankelijk van de 
vochtigheid van de lucht, m a a r i s g r o t e r naarmate de a tmosfer i­
sche vochtigheid g r o t e r i s . In dergel i jke omstandigheden i s het 
vochtgehalte van de hoornlaag g r o t e r en h a a r op deze wijze v e r ­
anderde samenste l l ing kan de g r o t e r e permeabi l i te i t v e r k l a r e n . 
Deze bleek in lucht van normale vocht igheidsgraad ongeveer 10 
tot 20 °/ο g r o t e r te zijn dan de permeabi l i te i t in droge lucht . Deze 
metingen werden mogelijk door toepass ing van de warmtege le id-
b a a r h e i d s c e l . 
Door de methode van meting met de w a r m t e g e l e i d b a a r -
heidscel i s het ook mogelijk om na te gaan hoelang het duurt v o o r ­
dat het onmerkbare of insens ibe le w a t e r v e r l i e s door de huid kon­
stant i s , nadat de zweetkl ieren door hun aktiviteit het huidopper­
vlak hebben bevochtigd. Dit bleek ongeveer een half u u r te zijn. 
Een r e g i s t r a t i e van het w a t e r v e r l i e s ti jdens een proef na zweten 
is in het v ie rde hoofdstuk gegeven. Hierbi j kon tevens worden 
b e r e k e n d , dat het vochtgehalte van het s tratum corneum na het 
zweten in dat half uur met ongeveer 4 $ (absoluut) afneemt, dus 
in z e k e r e zin ont-zwel t . 
V De hoornlaag van de huid kan laagsgewijze worden v e r ­
wijderd door hem zorgvuldig met ce l lotape te s t r i p p e n . In welke 
mate daarbi j het w a t e r v e r l i e s door de huid wordt verhoogd, kan 
worden gemeten door het waterdampver l i e s van de g e s t r i p t e huid 
te vergel i jken met het waterdampver l i e s door n a b u r i g e , normale 
en n i e t - g e s t r i p t e huid. Door dergel i jke metingen wordt een index 
voor de beschadig ing van de w a t e r b a r r i è r e van de huid v e r k r e g e n . 
De meting van de beschadig ings- index van de w a t e r b a r -
r i è r e van de huid kan t i jdens de per iode van h e r s t e l dagel i jks 
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worden h e r h a a l d . Deze beschadigingsindex wordt a l s logarithme 
van het verhoogde w a t e r v e r l i e s van de huid (Г Ъ) graf i sch u i t ­
gezet tegen de ti jd. Op deze wijze worden r e c h t e lijnen v e r k r e ­
gen. Uit de helling van de lijn kan worden afgeleid, welke de 
ha l f-hers te l- t i jd van de huid i s . 
In figuur V.5 is een grafiek weergegeven, die a l s model 
dient voor het ver loop van het h e r s t e l van de w a t e r b a r r i è r e van 
de huid na beschadiging en is opgesteld aan de hand van metingen 
aan versch i l l ende gezonde pe r sonen . Het gr i jze gebied geeft de 
verzamelp laa t s wee r van toestanden van het w a t e r v e r l i e s door 
de huid na beschadig ing , wanneer daarb i j ju i s t het gehele s t r a -
tum corneum en eventueel een gedeelte van het d a a r o n d e r gelegen 
stratum granulosum was aange tas t . Wanneer de huid v e r d e r is 
wegges t r ip t dan a l leen het stratum corneum of e r n s t i g e r is b e -
schadigd, WDrdt dikwijls een s t e r k e r verhoogd w a t e r v e r l i e s door 
de huid gevonden, waarvan de huid zich ech t e r z e e r snel he r s t e l t 
wat betref t de inperking van het w a t e r v e r l i e s gedurende de e e r s t -
volgende 4 à 5 dagen . E r wordt dan een zogenaamde "t i jdel i jke" 
b a r r i è r e gevormd, die naderhand wordt afgestoten in de vormvan 
sch i l f e r s en pa r ake ra to t i s ch van aa rd i s . In deze gevallen wordt 
daa rna pas de definitieve b a r r i è r e aangelegd, welke een normale 
he r s t e l sne lhe id blijkt te hebben. 
VI Wanneer de huid aan alkali wordt b lootges te ld , kan zij 
daa rdoor worden beschadigd , doch de huid gaat de beschadigende 
werking van de alkal i tegen door haa r te n e u t r a l i s e r e n . De a l k a -
l i - neu t r a l i s a t i e -p roe f (ANtest) en de a l k a l i - r e s i s t e n t i e - p r o e f 
( ARtes t ) , die al s inds vele j a r en worden toegepas t , worden b e -
schreven en verge leken met de recen t ui tgewerkte bepaling van 
de a lka l i -neu t r a l i s a t i e - sne lhe id (ANrate) . 
Wanneer de pH van de vloeistof l age r is dan 10, blijkt e x -
per imenteel de a lka l ineu t ra l i sa t iesne lhe id ger ing te zijn en kwan-
titatief ongeveer even groot a l s kan worden verwacht wegens neu-
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tralisatie van het kooldioxyde, dat door de huid naar buiten gaat. 
Bij deze pH blijkt de huid niet te worden aangetast door de loog. 
Wanneer de pH van de vloeistof hoger is dan 11 ,5 en op 
die waarde gedurende een uur wordt gehouden, blijkt de hoorn-
laag van de huid te worden beschadigd. De beschadiging is duide-
lijk ernst iger , wanneer de pH slechts enkele tienden hoger i s . 
De alkalineutralisatiesnelheid wordt nu ook veel hoger gevonden. 
Het verband blijkt uit de grafieken VI. 4 en VI. 2. De grens-pH, 
waarbij nog juist geen aantasting van de huid wordt verkregen, 
kan variëren en kan door applikatie van vaseline worden verscho-
ven naar hogere waarden. 
Wanneer de huid dagelijks regelmatig aan een alkalische 
vloeistof wordt blootgesteld, blijkt de huid daaraan te kunnen a-
dapteren en niet zo ernstig te worden beschadigd als op grond 
van een eenmalige blootstelling verwacht zou worden. De mate 
waarin de huid respondeert aan herhaalde blootstelling aan alkali, 
is aan de hand van een voorbeeld weergegeven. 
VII De huid werd eveneens gedurende zes dagen elke dag 
één uur blootgesteld aan oplosmiddelen (ethanol, ethylacetaat, 
methylethylketon en tolueen) of elke dag gedurende een kwartier 
aan sommige oplosmiddelen (chloroform, aceton, trichloorethy-
leen, dimethylsulfoxide en wasbenzine). De beschadiging, die 
hierdoor werd veroorzaakt, is nagegaan. Ook werd de hers te l -
snelheid van de huid na de beschadiging gemeten aan de hand van 
het verhoogde waterdampverlies van de huid. De huid blijkt dik-
wijls een zogenaamde "tijdelijke" bar r iè re te vormen, die een 
goede bescherming biedt tegen volgende blootstelling aan het op-
losmiddel. De beide laatstgenoemde oplosmiddelen, DMSO en was-
benzine, blijken een ernstiger beschadiging te geven onder de ge-
noemde omstandigheden dan de overige onderzochte oplosmiddelen. 
Industrieel kan de huid van de mens in kontakt komen met 
oplossingen van phenol in een resorcinol-formaldehyde ha r s . Een 
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2 /£ phenol oploss ing in water geeft r e e d s een beschadig ing, die 
verge l i jkbaar is met die van 0,03 η NaOH. E e n even e r n s t i g e b e ­
schadiging wordt bij een resorc inol- formaldehyde h a r s pas b e ­
re ik t bij een c o n c e n t r a t i e van 1 3,5 Tfc tot 18 % phenol . B loots te l ­
ling aan 18 % phenol oploss ing in de h a r s bewerks te l l igde de 
vorming van een m e e r effektieve "t i jdel i jke" b a r r i è r e , dan bij 
b loots te l l ing aan 13,5 $ phenol oplossing in de h a r s het geval 
w a s . Wanneer de phenolconcentra t ie evenwel boven 1 8 % u i tgaa t , 
faalt de bescherming van de hoornlaag van de huid. 
Het behoeft geen e rns t ige nadelige gevolgen te hebben, 
wanneer de hoornlaag van de huid zelf in e e r s t e ins tant ie in g e -
r inge mate wordt beschadigd , en deze beschadiging regelmat ig 
wordt he rhaa ld . De huid heeft dikwijls een effektief antwoord op 
een dergel i jke r e e k s beschadigende invloeden, waa rdoor men in 
be roep en bedrijf geen e rns t ige klachten hoor t . Desondanks kun-
nen beroepsomstandigheden soms k r i t i s ch zijn en kan een kleine 
overmaat (mechanisch zowel a ls chemisch) tot e rns t ige klachten 
aanleiding geven. In dat geval moet voldoende aandacht worden 
geschonken aan prevent ieve maa t rege len , zodat de k r i t i sche 
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